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A List of Figures
- Fig. 1.1 : Schematic view of coastal upwelling circulation (from Huyer 1983). 3
: Fig. 2.1 : The use of acoustic Doppler shift to measure the velocity of ships at 6
sca dates back to this patent by C. Chilowski. submitted in 1924. Note the
N sophisticated 4 beam Janus design which is still used for first order pitch and roll
- compensation.
o Fig. 2.2 : Range Gated Shipboard Doppler System. Four beams (fore. aft. &
- port and starboard) equally inclined from the ship’s vertical axis acoustically
probe the ocean. The Doppler shift in backscattered signal measures the relative
velocity between ship and ocean. Range gating allows depth profiling of
currents.
& Fig. 2.3 : A Doppler current profiler which has been bottom mounted for 11
‘: vertical profiling of local currents.
Fig. 24 : Bottom mounted Doppler acoustic current measurements 11
superimposed on mechanical current meter records (Pettigrew and Irish 11983]).
Fig. 3.1 : Depth range of shipboard measurements is shown by the percent of 17
pings for which the profiler electronics indicated valid returns at each range bin.
Two 12 hour subsets of data are shown. one each from 1981 and 1982. Details of
such validity profiles vary with many factors including location and time of day.
Fig. 3.2 : Variability in acoustic measurements of relative velocity, shown as 19
histograms of the deviations of single ping measurements from 100 ping average.
) Fig. 3.3 : Autospectra of ping-to-ping relative velocity measurements for 3 21
{ subsets of data taken at nearly constant shipspeed while (a) steaming into seas.
e (b) on station. and (c) steaming with following seas. Solid line is foreward
® velocity F. dashed line is portward velocity P. Note peak at surface wave
3 encounter frequency rising above a white noise background.
.::';:- Fig. 3.4 : Coherence of F (solid) and P (dashed) with pitch ¢ and roll p of the 22
o ship. Data in left panels taken while on station (same as middle panel, Fig. 3.3):
t‘ data in right panels taken while steaming into seas ( same as upper panel. |
® Fig. 3.3) |
|
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Fig. 3.5

Fig. 4.1

LORAN-C.

Fig. 4.2

Fig. 4.3

LORAN fixes

normalization.

Fig. 4.4

spectrurm.

true signal.

Fig. 5.1 - CODE 2 (1982) moored current meter array. Table 5.1 provides 47

detaills on instrumentation at each mooring. Also shown is the location of wind
buoy NDBO 46013.

Fig. 5.2a

results.
Fig. 5.2b : Same as Fig. 5.2a. except for cross-shore components. 52
Fig. 5.3a : Average DAL cross-shore and along-shore currents u and v along o4

the Central Line at depths of current meters (20m. 35m. 53m. and 70m), as a
function of cross-shelf seperation from the C3 mooring. Stars show current meter
averages at C2. C3 and C4 over same sample times. Note the strong mean shear
in v and divergence in u across the shelf.

Expected residual wave induced and white noise in acoustic 23 o
measurements of relative velocity after block averaging. as a function of '
averaging length.

Sample time series of measurements. Top panel shows the 35
acoustically determined relative velocity V. middle panel shows dx;:dt from

Bottom panel shows the sum of these. the fix-to-fix current
measurement u.

Spectrum of fix-to-fix current measurements for v { solid line. 36
alongshore current. 317°T ) and u ( dashed line. cross-shore current. 47°T ).

Same as Fig. 4.2 except normalized by sin“zfAt. White noise in 36
vields a flat spectrum for fix-to-fix currents under this

The
(cm® sec ) is predicted a< a function of filter length (fix intervals) for 3 filters
using Eq 4.39. the spectrum of measurements (Fig. 4.2) and the inferred noise
Increased estimation error at short filter length arises from
underfiltering of noise. while rise at longer filter length arises from suppression of
The least squares filter achieves its minimum mse most rapidly.
while the Tukey and truncated sinc filters suppress less signal in the case of
overfiltering (i.e. where the statistics of the signal deviate from the assumptions
of the objective analysis).

Comparison of all DAL current measurements (alongshore 51
component) made within 1 km of a current meter mooring with the simultaneous
current meter measurement. At both 20m and 35m depth. over 1000 pairs of
measurements are plotted. See Table 5.2 for a statistical summary of these
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Fig. 5.3b : Correlation between sin lianeous DAL and C3 current meter
currents as a function of cross-shelf seperation from the C3 mooring. Dashed line
gives 959 confidence level for correlation over available samples. Stars show C3
correlation with current meters at C2 and C4.

Fig. 5.3¢ : Root mean square difference betweer DAL and current meter
currents as a function of cross-shell seperation. Stars show C3 rms difference
from current meters at C2 and C4.

Fig. 6.1 : Alongshore component of surface wind stress (dyvnes cm®) at NDBO
46013. computed from hourly wind measurements. The hourly stress values were
low passed using a filter with a 40 hour half power point.

Fig. 6.2a : Primary grid of CTD stations for CODE. Stations on each line are
numbered consecutively from station nearest shore. The Irish Gulch line was
sampled by CTD only during 1982. The 1982 Central line was some 3 km south
of the 1981 line. See Appendix for times occupied.

Fig. 6.2b : Secondary grid of CTD stations for CODE. Stations lie along the
50 and 100 fathom isobaths. and are numbered consecutively from northern
station. See Appendix for times occupied.

Fig. 6.3a : Number of observations at each depth (m) and distance from shore
{km). Each observation was made along one of the primary CTD lines in
Fig. 6.2a following the spring transition to upwelling.

Fig. 6.3b : Average cross-shore and alongshore currents u(x,z). v(x.z) (cm ‘sec)
over the observations of Fig. 6.3a.

Fig. 6.3¢ : Standard deviation of fluctuations in u(x.z), v(x.z) (ecm/sec) for
observations in Fig. 6.3a.

Fig. 6.3d : RMS expected error of the average of u(x.z). v(x.z) (cm’sec).
assurning observations in Fig. 6.2a are independent.

Fig. 6.3¢ : Vertical shear in the mean fields 0t /9z, 9v/0z. First differences of
the mean fields (Fig. 6.3b) were smoothed using a (3 x3) triangular weight filter.

Fig. 6.3f : Cross-shore divergence 3u/8x and shear 8¥/0x in mean currents,
calculated as in Fig. 6.3e. Values enclosed in boxes are significantly different
from zero at the 955 confidence level. assuming errors in the mean are given by
Fig. 6.3d and that these errors are independent between adjacent bins. The
latter is almost certainly optimistic.
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Fig. 6.4a : Average u(x.z). v(x.z) along each CTD line. Note the jet in the
average alongshore current v. the core of which intensifies and moves offshore
from north to south.

Fig. 6.4b : Standard error of the mean for Fig. 6.4a.
Fig. 6.4c : Standard deviations of u. v about the means in Fig. 6.4a.

Fig. 6.5 : Alongshore divergence 0v -0y between pairs of primary CTD lines.
Values which were non-zero at the 95% confidence level as discussed in Fig. 6.3f
are boxed.

Fig. 6.6 : Principal axes of fluctuations about the mean currents on each CTD
station. Where fluctuations are nearly equal. the orientation of the principal axes
is random.

Fig. 7.1 : DAL currents at depth of 28m. obtained during a survey from
26 April 0045 to 28 April 1400. 1981 (all times are UT). plotted over a NOAA®
IR image from 27 April 1611. Tic marks every 30 minutes of latitude and
longitude (56 and 44 km respectively) and a scale vector for the currenis are
shown. Pt. Arena (38° 57" N. 123 44° W) serves as a landmark. Lighter shades
correspond to colder water. For clarity of presentation all measurements within
a 3 km radius have been averaged. Note the concentrated zones of flow in which
cold water upwelled at the coast is carried offshore. Such flow structures may
make significant contributions to the property transport budgets in the coastal
zone.

Fig. 7.2 : Same as Fig. 7.1. except for ship survev of 2 May 1800 to 6
May 0330. 1981 and NOAAG6 image from 6 May 0345. Survey was made during
a period of sustained strong equatorward winds (Fig. 6.1). Compare with Davis’
Fig. 5 (1984a).

Fig. 7.3 : Ship survey from 18 May 1600 to 22 May 0300. 1981. NOAA®6
irage from 20 May 1550.

Fig. 7.4 : Ship survey from 23 May 0100 to 25 May 0600. 1981. NOAA6
image from 20 May 1550 (same as Fig. 7.3).

Fig. 7.5 : Ship survey from 20 April 1600 to 22 April 1200. 1982. NOAA7
image from 24 April 2210 (note delay from survey time). This flow occurred
during a cessation of winds following a period of strong southward wind forcing,
and is discussed in Nection 7.3,
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Fig. 7.6 : Ship survev from 22 April 1400 to 24 April 1130. 1982. NOAAT7
image from 24 April 2210 (same as Fig 7.3).

Fig. 7.7 : Ship survey from 9 July 0300 1o 10 July 1730. 1982. NOAAT7 image
from 9 July 2211.

Fig. 7.8 : Ship survey from 11 July 1100 to 13 July 1400. 1982. NOAAT
image from 9 July 2211 (same as Fig. 7.7).

Fig. 7.9 : Ship survey from 14 July 1400 to 16 July 0920, 1982. NOAAT
image from 14 July 2254. Wind forcing was very strong and increasing during
the survey period. Note the strong current magnitudes and shears across the
northern transects.

Fig. 7.10 : Ship survey from 16 July 1730 to 18 July 0845. 1982. NOAA7
image from 15 July 2241. Survey was performed from south to north: winds were
strong to moderate along the Central and North lines, but had calmed to airs
during the surveys of the Arena and Irish Gulch lines. Northward flow at the
inshore ends of the CTD lines is seen. although the flow at the offshore end of
the two northern lines remains strong and strongly sheared. Note the developing
eddy along the North line.

Fig. 7.11 : Ship survey from 19 July 1900 to 22 July 0400. 1982. NOAA7
image from 22 July 2259. Winds were calm during the survey of southern 3 lines,
but were moderate to strong along the northern 3 lines. The eddy along the
North line has developed strongly. Davis (1983) shows tracks of surface drifters
which circulated in this eddy for a week and more. making several circuits.

Figs. 7.12 : Cross-shelf sections of alongshore current with depth during the
wind relaxation of April 1982. Sections are from the five primary CTD lines.
plus a CN line midway between the Central and North lines. Plusses show
location of measurements. Contour interval is 10 cm sec. Equatorward currents
are shaded.

Fig. 7.13 : Alongshore current v(x) at 28m for the 4 Central line occupations
from 20-24 April.

Fig. 7.14 : Cross-shelfl sections of »'ongshore currents with depth for the four
surveys of the Central line from 20-24 April.
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Fig. 7.15 : Time series of moored measurements showing alongshore
component of wind stress r at NDBO 46013. and temperature difference and
Odv 9z between instruments at 3 and 10m depth at C3 vs day of 1982.

Fig. 7.16 : At least 4 large tongues of cold water are seen in this NOAA6 IR
image of sea surface temperature between Cape Mendocino and Pt. Conception
(image provided by Pierre Flament).

Fig. 7.17 : Currents at 28m depth from offshore survey of 4-10 July 1981.
overplotted on NOA A6 IR image of sea surface temperature from 8 July.

Fig. 7.18 : Currents at 28m depth from offshore survey of 22-26 July 1982.
overplotted on NOAAT7 IR image of sea surface temperature from 22 July.

Fig. 7.19 : Ship track during 1982 offshore survey, indicating locations of
sections through the cold water tongue. Clouds obscured the area during the
actual survey time. and the location of the front and detailed struciure of the
temperature field were not available from satellite IR.

Fig. 7.20 : T-S diagram from underway thermosalinograph during jet survey
(data kindly made available by Pierre Flament. Libe Washburn and Larry Armi).
Sampling depth i1s approximately 5m.

Figs. 7.21 : Across-jet sections of along-jet currents through the cold tongue
and adjacent waters. Also shown are the temperature. salinity and density (as
0,) at 5m depth from the underway thermosalinograph (data kindly made
available by Pierre Flament. Libe Washburn and Larry Armi).

Fig. A.1 : Central Line occupations vs. day of vear.
Fig. A.2 : Elk Line occupations vs. day of vear.
Fig. A.3 : Irish Gulch Line occupations vs. day of vear.

Fig. A.4 : Arena Line occupations vs day of year.

Fig. A.5 : North Line occupations vs. day of vear.
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. A6 : Ross Line occupations vs. dayv of vear. 114
A7 : Fifty Fathom Line occupations vs. day of vear. 115

A.x . Hundred Fathom Line occupations vs. dav of vear. 116
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Tabie 3.

1

Nomina DAL operating paraineters

transmit freguerncs | 300 kHz
S { 7 ”, - o T
Wavejengatt — o cm
f
repeal interval 0.63 sec
pulse jength T 20 msec
range bin Ar 10 msec
beam angle a,  30° from vertical
beam width 2° to 3° from centerline
transducer depth z: 5m
Table 3.2 Range Bin Geometry
i range bin number 1.2....32
t speed of sound
range to head of pulse after time t c(T )
range to tail of pulse after time 1 ct
duration of range bin n (n—1)Ar 10 nAr
For the n'” range bin Nominal value {m)
1 1 -
cenler range (c ‘2)(7—(n~?).ﬁr) 3.8 ~ 7.5n
T T oy 1 1 -
center depth ((,2)(?~(n——2—)Ar)cosao—z( 8.3 -~ 6.5n
range extent of returns (¢ '2)(T~Ar) 22.5
range extent continuously ensonified (c2)Ar 7.5
depth extent continuously ensonified (c.’2)Arcosag 6.5
greatest range sarnpled {c2H{T~(n-1)Ar) 7.3{n-1)




< M Jiaio el sadh seusn ) T LIRS Andt Auiit i andh St sl el Rt i il aadl Sl Al Andec el i e dl it il Sl linil Al Sl Sal Sl

Chapter &

DATA PROCESSING AND ERROR ANALYSIS

Making shipboard estimates of current profiles requires knowing
(1) x (t). the mmstrument posidion as a function of time. and
21 V{za) the relative velocity
in this section we discuss tie measurements made during CODE to obtain these data.
devoting special attention 1o denifving potential sources of error. In the next chapter.
these data will be used to estimate the field of currents u{z.t:x;,) ~ u. Following that.
the currents inflerred from the shipboard svstem will be compared with moored current

meter measurements in Chapter 5.

3.1. Instrumentation

The data acquisition svstenn for this study was designed and hmplemented by
Llovd Regier. The acoustic measurements were made from the R V' Wecoma using a
prototype of the Ametek-Straza DCP4015. controlled from a Commodore PET 2001
home computer. Operating characteristics of the acoustic svstem are given in Table 3.
Once every 0,63 sec. a 300 kHz acoustic pulse of 20 msec duration was transmitted. The
Doppler shift in the acoustic returns was measured by the Ametek electronies {or cach
beamn in 32 range bins. each of duration Ar 10 msec. Table 3.2 gives the nonnnal
correspondence between range bin and physical depths. The measurements in cach
range bin also contained a "quality" flag to indicate whether the frequeney detection loop
was locked. The ship’s heading (from the ship’s Sperrv MK3T master gyrocompass).
ocean temperature at the “ransducer. and time ({{from the twernal PET clock) were
recorded {or each pulse. For evers 100 pulses (approsimately once per minute). a
LORAN-C fix was taken from a North<tar 5000 receiver. 1o additvion. during CODE 1

g. with

(1951}, gyroscopic measurerments of piten and rol’ were sarnpied 16 times per pin
16 msec between samples. All data were recorded without further processing onto 9

track magnetic tape

3.2. LORAN-C

Measurements of the ~tup’™~ latitude A and longitude L from a Northstar 5000
LORAN-C" recenver were recorded throughont the experiment at intervals of approxi-
mately 70 seconds. LORAN-C i« the LOng Range Aid to Navigation network main-
tained by the VoS Coast Guard., It emplove low frequency (100 kHz) radio signals to
provide a hvperbolic navigation grid. Position on this grid i~ defined by the differences

in reception time of ssnchronmzed signals trausmitted from at least three well separated
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Pettigrew and Irish (1983) have made current measurements with a four bean
acoustic Doppler instrument similar in most respects to the one described above. the
major difference being that their svstem is designed 1o make measurements from a sta-
tionary platform. The transducer is attached it an upward-looking configuration 1o a
frame which rests on the sea floor (see Fig. 2.3). In Fig. 2.4. hourly averages of current
measurements from their Doppler system are plotted along with simultaneous hourly
average measurements from a string of moored current meters located approximately
300m away. The striking agreement between the time series indicates that Doppler back-
scatter provides reliable measurements of ocean flow velocities relative to the transducer

for flon speeds up to order 30 cm sec.

Mounting the instrument on a movable platform such as a ship introduces a
number of complicatious. In particular. to obtain ocean currents the platform rotation
and translation must be removed from the measurements. This requires introducing
inperfect measurements of the platform motion which add error to the final result.
Another mmportant difference is that the acoustic environment at the ship’s hull is much
more variable than that found at the sea floor. Furthermore. since the ship can move at
speeds which are one or two orders of magnitude larger than the currents. signal-to-noise
limitations can be severe.

This discussion has glossed over a number of important details. For example.
Eq 2.1 i« only an approximation to the Doppler shift: refractive effects from sound-speed
gradients and current shears have been neglected completely. as have second order and
higher terms in 'V ¢. Numerical solutions which include these effects have been
explored on a case by case basis in work with Regier. In general. neglect of these factors
does not cause significant errors in the determination of V when a four-beam Janus sys-
tem i1s used. The same cannot be said. however. for other beam geometries such as the
three-beam Janus svstem. Moreover. the effects of finite beam width. side lobe levels
and 1nultiple scattering have been ignored. Rather than exhaustively catalogue the

potential errors. we shall turn 1o examination of the measurements themselves.
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¥, - sine X cosaZ’ Fo = sinagy - cosapZ (2.5)

F, - - sinaX -cosan’ F, - sinoyy’  cosolE’

The spatial dependence of the relative velocity V(r) in Eq 2.2 comes entirely froni shears
in the current field. as may be seen from Eq 1.2, Since the currents are expected to be
vertically sheared. we expand V(r) about its value directly below the ship. With
r-x'x -y y -z 12
Vir) V() - (r 2 £ ) Viz) - .. (2.6)

the Doppler shift (2.2) at time 7 can be written for each beam as

Afy () - % Viz') - 7'lanu(‘a—;,)(\l-z,—’)- - ..."(sinao)i"cosaoz") (2.7)
Alo(7) - -2—(f-(l Viz') - 7'tan(noa—?;}(_7:—’l - ...‘-(sinao)?'—cosaoz“)
Af(7) Q—Tf Vi(z') - z'tanu@a—y—(-g;)— - ) (-sinayX —cosaf ")
C oOx
Afy(r) - 2Tf( Vi(z") z'lanaoa—\aléz,—,)- - .| (-sinogy -cosapZ’)

. c T . . . .
where z '(7) - —‘)—(?»r)msu@ is the quasi-vertical coordinate. If we denote the com-

4

ponents of V by (F.P.H) as in Fig. 2.2. then

Af ‘Af': T
F(z') < I(T)‘ a(7) S 0( 2 aHl ) -
21, 2sinay, ox
- Af'w T A{ T C
P(?) (_ ..( ) 4( ) ~()( Z’ d” ) - (2.8)
2{, 2sinay, oy
Af s ‘Afo I ‘Mo *Af T ”
Hiz) - (7)) - Afp(r) - Af(7) - Afy(7) - O( 2 tanay rBF’ *_é)_P_) ) ..
21, 4cosag Jx oy

Thus. by combining the measurements from complementary beams the three components
of relative velocity can be determined as a function of z'. the quasi-vertical coordinate.
Turbulence and high frequency internal waves act as noise to this determination by

adding short scale variability through the terms on the right hand side of Eq 2.8.
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There is a wide variety of acoustic targets in the ocean including zooplankton.
air bubbles. fish and the ocean botton itself. Each such target can contribute energy to
the backscattered signal reaching the transducer. at a Doppler shifted frequency
corresponding 1o its own relative velocits V. Thus. v addition to the uncertainty in
frequency measurement introduced by short resolution time at each depth. the signal
heard at the trausducer will contain a spectrum of frequencies due to the range of 1arget
velocities. If the velocity of the targets through the water ix random. then averaging
over many scattering events vields a spectrum which is centered at a Doppler shifted fre-
quency corresponding to V. the relative velocity of the water.

Because the acoustic energy is transmitted as a short pulse of duration T. the
returns heard at any given time r after transmission must have scattered within the par-
cel of water at ranges cr 2 to (T -7) 2 along the beam. Returus heard at longer 7 were
scattered from further down the beam. Thus by measuring the Doppler shift as a func-

tion of 7 it is possible 1o profile the along-beam component of V as a function of along-
beam distance.

21,
MI(T) (—(V(rl)f,) (228)
ro= % -7, (2.2b)

In practice. the returning signal is range gated - anaivzed in discrete blocks of time Ar
called range bins - rather than continuously recorded. This allows a finite time to
resolve the Doppler shift. Note that allowing longer Ar increases the accuracy with

which the spectrum can be resolved. but decreases the range resoiution.

The full relative velocity vector V can be determined as a function of the verti-
cal coordinate by using several beams. provided that V changes primarily along the vert-
ical symmetry axis of the beams. This may be seen by adopting a coordinate svstem
tied 1o the ship. with origin at the acoustic transducer and coordinate axes which point
along the fore. port and heave directions X',y and £ respectively (see Fig. 2.2). In

these coordinates the it" beam direction is

F. - cosgisingX T - sinyisiney T - cosag’ (2.3)

where v is the azimuthal angle. and a; is the elevation angle. of the it" beam. For the

four-beam Janus system. these angles are

o o i 1.2.34 (2.4)

so that
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June 28, 1932. C CHILOWSKY 1,864,638
METHOD AND MEANS FOR THE OBSERVATION AND MEASUREMENT OF THE
SPEED OF A VESSEL BY DIRECTED BEAMS OF ULTRA-AUDIBLE WAVES
Filed Dec. 13, 1924 3 Sheets-Sheet |
|
\
]
\
F16.7 F16.2

Fig. 2.1 : The use of acoustic Doppler shift to measure the velocity of ships at sea
dates back to this patent by C. Chilowski, submitted in 1924. Note the sophisticated 4
bearn Janus design which is still used for first order pitch and roll compensation.
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Chlapter 2

DOPPLER ACOUSTIC LOG

For this study V{(z). the relative velocity of the water as a function of depth.
was determined acoustically using a commercially available instrument system (Rowe
and Young. 1979) which we shall call the Doppler Acoustic Log. or simply DAL. The
remote measurement of velocity using a Doppler shift has a long history: applications are
found in fields ranging from astrophysics to law enforcement. Meteorologists for some
time have used the technique to remotely measure winds from ground based radar sys-
tems (Lhermitte. 1973). Since 1972. R. Pinkel of SIO has applied it to make oceano-
graphic measurements from the quasi-stationary research platform FLIP. Most recently
Regier (1982). Jovce et al. (1982). and Joyce and Stalcup (1984) have used the technique

to make shipboard current measurements.

It was realized as early as 1924 that the Doppler shift could be exploited to
make a "speed Jog" for ships. By measuring acoustic backscatter from the ocean bottom
or from the water column itself and determining the Doppler shift between transmitted
and received signals. the velocity of the ship relative to the scattering medium can be
inferred in a manner to be outlined below. The original design concept for such a log.
shown in Fig. 2.1 (Chilowski. 1932). already employs the sophisticated four-beam Janus

configuration still in use today.

In the modern instrument used for this study. an acoustic transducer mounted
to the ship’s hull simultaneously transmits a short pulse of acoustic energy (ping) of well
defined frequency f; along four beams. each inclined 30° from the ship’s vertical axis.
pointing foreward. aft. port and starboard. As each pulse travels down its beam. it
"ensonifies" successive volumes of ocean along that beam (Fig. 2.2). Acoustic targets
within the ensonified volume may scatter a portion of the incident energy. and a portion
of this scattered energy will be directed back toward the transducer. The motion of
those targets relative to the transducer will induce a Doppler shift Af = {g—{; in the fre-
quency fy of the backscattered energy received at the transducer. If the relative velocity

between target and transducer is V| and the speed of sound is c. then. to first order in
V, ¢
2f, .
Af — (V,'F) (2.1)
where ¥ a unit vector along the i'" beam. To this order of approximation. the Doppler
shift is therefore a measure of that component of the target velocity 'V which lies along

the acoustic beam direction.
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Since the measurements for this study come from instrumentation which is
somewhat novel. we first address some questions regarding the accuracy of the tech-
nique. The importance of such questions may be readily appreciated, since the currents
are inferred as a difference between two directly measured quantities dx,/dt and V, each
of which may be much larger than the current. For example, to measure currents to an
accuracy of 1 cm:sec from a ship travelling at 10 knots (approximately 500 cm/sec),
both dx, dt and V must be measured to an accuracy of 0.2%. After a brief introduction
to the shipboard Doppler system in Chapter 2, the Doppler and collateral measurements
are examined., questions of accuracy are explored. and considerations required in
transforming the shipboard referenced measurements into an Earth-fixed reference frame
are discussed in Chapter 3. In Chapter 4 Doppler measurements are combined with
navigation data to extract the currents. Chapter 5 presents a comparison of measured
currents from the shipboard Doppler system with those made from moored current
meters. With this background we then look at the ocean measurements collected during
the CODE experiment in Chapters 6 and 7, where the quasi-synoptic field is mapped
and the spatial variability in the mean field and several interesting event scale features
are described. We find that the synoptic view of ocean currents shows an astonishingly
rich field of energetic eddies and jets which actively transport upwelled coastal water
offshore. These features of the synoptic current field occur over a wide range of scales.
The mean field. on the other hand. resembies the rather smooth earlier findings shown in
Fig. 1.1.
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instrument can sample different locations becomes the new. less restrictive. coustraint on

[" the set of {x.v.z.1) points which can be studied.

Over the past two decades. moored current meters have been used to intensively

study the current field in coastal upwelling regions. Fig. 1.1 shows a schematic picture

Wy

3
}
- of the upwelling circulation which has been derived from such measurements off Oregon
!

b (Huver. 1983). LEquatorward wind forcing causes offshore transport of warm surface

CAMR A

water in a surface Ekman boundary laver. To replace it. cold dense water at depth flows
toward the coast. This cold water surfaces in a band near the coast. The alongshore
currents are described by a surface intensified equatorward jet. whose vertical shear is
. geostrophically balanced by cross-shore density gradients induced by the upwelling.

.
h Flowing counter to the direction of wind forcing. a poleward undercurrent is seen at

PR N

depth. Models of this circulation usually assume that gradients in velocity are small

enough that advective terms can be neglected in the momentum balance. and that

dbd L

alongshore variations of the currents are much smaller than cross-shore variations
(Allen. 19%0),

When spatial variability can be determined synoptically. this simple picture
derived from moored instruments gives wayv to a much more complex one. Satellite

images of sea surface temperature show cold upwelled water. rather than occurring in a

PP Rp————

sitnple band along the coast. forms very complex patterns with strong alongshore varia-

bility. Upwelling cemers. patches of coastline with intense upwelling. have been
observed in many locations {see Brink. 1983). Tongues of cold water extending several
hundred kilometers out to sea have been recognized along the west coast of the U.S.
(Bernstein. et al. 1972. Breaker and Gilliand 1981, Traganza. et al. 1981. Kelly 1983).
Because these features are hard to study with moored instruments. little is directly
known about the strength or structure of the circulation which forms them. If the
features are associated with strong currents. they may represent important pathways of

exchange between coastal and offshore waters,

During the Coastal Ocean Dynamics Experiment (CODE). a broad range of

q techniques were applied to the measurement of ocean variability in the coastal and

offshore waters of Northern California during the spring and summer upwelling seasons
of 1951 and 1982 (CODE Group 1983). In addition to extensive moored instrumenta-
tion. a major effort was made to resolve the spatial structure of the upwelling fields
s through the use of satellite infra-red (IR) imaging for sea surface temperature. aircraft
mapping of sea surface temperature and meteorological data. a large program of drifter

measurements. as well as shipboard DAL current profiling. This study reports the

]
)
)

results of the DAL program.
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Chapter 1

INTRODUCTION

The shipboard Doppler Acoustic Log (DAL) to be discussed in this study is a
new tool for the measurement of ocean currents. By providing vertical profiles of
currents over the upper 150m of ocean at points along the ship’s path. it allows the
ocean to be sampled in a way which is fundamentally different from moored current
meters or drifters. the instruments most commonly used for current measurement. This
instrument is used to examine the circulation in a region of strong coastal upwelling off
Northern California. where it reveals an unexpectedly energetic and spatially complex
svnoptic flow field.

Consider the general problem of measuring the current at the water parcel
whose coordinates are x,(1) using an instrument whose location is x4(t). explicitly a

function of time. By a simple identity

dxw } dX(| . d‘x“’ xo) (l ])
dt dt dt |

In the notation which will be used throughout this study. Eq (1.1) may be rewritten as

dx,
u(xy-r) = el Vi(r) (1.2)
where
r= Xg - Xg

u(x,—-r) = dx,/dt
V(r) = d(xe-xg)/dt

The current u at the measurement point X;—r must be determined from the sum of two
terms. One. the relative velocity V(r). is the velocity of the water parcel relative 1o the
instrument position. The other. dxg/dt. is the velocity of the instrument itself with
respect to the Earth. Moored instruments and drifters each measure only one of these
terms. and are engineered 1o make the unmeasured term. dx;'dt for moored instruments
and V for drifters. negligible. This design constraint places limits upon the types of
variability which each instrument can sample. Although ocean currents vary in all three
spatial dimensions as well as in time. a moored instrument samples only the temporal
variability at a single location. while a drifter samples the time and space variability
only along the path of a single water parcel. For an instrument such as the DAL. which
directly measures both V and dx,/dt. these constraints on possible sampling trajectories

are removed. allowing mapping of the current field. The speed with which the
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List of Tabies

Table 3.1 : Nominal DAL operating parameters
Table 3.2 : Range bin geometry

Table 3.3 : Gyroscopic measurements of the ship's attitude were used to
correct the shipboard profiles of relative velocity V{(z) for the effects of pitch and
roll during CODE 1. This table shows the errors {in cm sec) which would have
been incurred in 100 ping averages of V(z) in the absence of such corrections.
Less than 1 ¢m sec of bias is introduced into the horizontal components of V(z)
when pitch and roll compensation is not performed. The added noise in the
estimates 1s likewise small. These calculations were performed on data subsets
described in section 3.6 of the text.

Table 3.4 : Heading Errors. This table lists several common errors which may
be present in gvrocompass data. Magnitudes assume an operating latitude of 38°
N. a course due north at 10 knots. and a maneuver in which the ship reverses
course over a time which is short compared with the Schuler period. With the
exception of the rolling error. these may be corrected either at the gyrocompass
Or in post-processing.

Table 3.5 : Calibration error 3 and misalignment augle 68 calculated from
changes in apparent current which accompany changes in ship velocity using
Eq 3.12. The large value of 6, during CODE 1. Leg 1 decreases substantially
for subsequent cruises: this drop coincides with repair and realignment work
performed on the gyvrocompass foliowing Leg 4.

Table 5.1 : CODE 2 moored array. S (S3) denotes a current meter string
which is surface (sub-surface} moored. VACM (VMCMN) denotes a Vector
Averaging (Measuring) Current Meter.

Table 5.2 : Current meter DAL comparison statistics. Whenever the DAL
was within 1 km of a mooring. comparison of DAL and moored current meter
measurements was made. Averages and variances for each instrument are shown.
as are covariance. correlation and standard deviation of the difference between
measurements from each instrument. Also shown is a comparison between the
only closely spaced pair of moored instruments in CODE. a VACM and a
VMCM both at 10m near C3.
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locations. The receiver’s internal software converts position from the LORAN grid 1o A
and L. The syvstem’s advantages lie 1o its wide coverage and continuous availability.
LORAN-C fixes are subject to a number of first order errors. including dual
solutions and cycle errors (lane jumps). Dual solutions arise when only two time delay
measurements (three transmitters) are avatlable. Since the line of positions which vield
a given ume delay is a hvperbola. and hyvperbolae form closed curves on a sphere. twao
lines of pesidion will intersect at two distinet points in general. and the intersection
corresponding 1o the receiver location must be selected. The solutions are often well
separated. in which case selection of the proper one is easy. Cycle errors are discrete
offsets in the time delay measurement by multiples of 10 gsec. They occur most con-
monly when the signal is weak. and are caused by the misidentification of the arrival
time of the pulse. defined by the third rising 2ero crossing of the 100 kHz carrier within
the pulse. Hf the wrong zero crossing is tracked. the time delay measurement slips by an
integral number of carrier periods. Such a jump usually resuits in a position displace-
ment of several miles. and so is casily detected. Since the LORAN-C time delavs were
recorded along with the Northstar A and L. cvcle errors were corrected when they
occurred by correcting the time delay and recalculating the associated position change
using the algorithm of Campbell (1968). This procedure was also used to correct for

titues when the secondary solution was erroneously recorded.

More subtle errors also may be present in LORAN-C position data. For exam-
ple. the time a pulse takes to reach the receiver depends not only on the path length but
also on radio wave propagation speed. which in turn depends on conductivity along the
path. Day night (Dean 1978) and land sea path (Johler et al. 1956) differences may
thus be important. Another concern is that the data are internally filtered by a
proprietaryv. and thus unknown. scheme before being output by the receiver. Any lag
produced in position during accelerations could seriously affect the usefulness of the data

for determining ocean currents.

The most direct measure of accuracy for LORAN-C fixes comes from the varia-
bility in fixes taken at a single location. Such data were obtained over an eight hour
period while the ship was docked at Yerba Buena lIsland between cruises. (An interrup-
tion of ships power aborted the data collection much earlier than planned.) The rms
noise during this test was 13 m in latitude and 27 m in longitude. The principal axis of
variability was along 249°T: the major and minor axis rms errors were 29 1n and 8 m
respectivelv.  No significant serial correlation was found between successive position

errors over the sample of 62 fixes. spaced 8.5 minutes apart.

Ty T

e T NN

Dt




DA RAN

S e S 2 B Y e e e M S (SR S Sy Ui S e TS

Y
'
1

%

A

L

A

.

! .
b

These accuracy estimates are likely to be optimistic for our purposes. since thes

do not include contributions from receiver motion and probably undersample long tern

variability. The question of position lag during ship accelerations due 1o internal filter-
ing was examined by computing lagged correlations between the ship velocity as meas-
ured by the acoustic svstem and ship velocity inferred fromi LORAN-C fixes. Amn

filter-induced lag would show up as an asvmmetry between positive and negative lagged

correfations.  No such asviumetry was found for lags separated by the sampling period of
70 sec. Therefore. for our analyvsis we shall assume that the LORAN vields position
measurements which contain errors of order 10 to 30m and that these errors can be

modelled as white noise. i.e. uncorrelated in time.

3.3. Thermistor

A manufacturer supplied thermistor provided ocean temperature data at the
acoustic transducer. This data was used in the estimation of sound speed at the trans-

ducer. Clay and Medwin (1977) write for the speed of sound (m sec)
¢ 1449.2 - 1.6T - 0.055T% - .00029T" - (1.34 - 0.010THS 35) - .0162

where T. S and z are the temperature in °C. salinity in ppt. and depth in m. Thus a rise
in temperature of 1“C increases the sound speed 0.3%: an increase in salinity of 1 ppt
results in a 0.1% increase in c. From the range of variability seen in surface temperature
and salinity maps in the CODE region ( e.g. Fleischbein. Gilbert and Huyer. 1982)
corrections to the sound speed due to surface salinity changes are at or below the 0.1
level. hence negligible. while the corrections due to temperature variability can be 1 or
more. hence essential. Snell’s law implies that vertical variability in c. while larger than
horizontal variability. does not affect the right hand side of (2.1} for the horizontal com-

ponents of V which are of 1. terest.

The thermistor data also provides an underway map of near surface tempera-
tures concurrent with the acoustic data. The data quality was estimated by comparing
the measurements with CTD temperature profiles for Leg 4 of CODE 1. Only stations
for which the upper water column was well mixed were used in making the comparison.
The thermistor temperatures showed a mean error of  0.4°C. The rms variations about
this mean difference decrease with time on station. implying that the thermistor is insu-

lated by the acoustic transducer head. The time history of some of the larger differences

indicates an expouential decay time for equilibration of order 20-30 minutes.
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3.4. Data Valid Flag; Depth of Acoustic Measurements

To exclude grossly erroneous data. acoustic velocity estimates at any depth were
rejected unless all 4 beams showed the "data valid" flag set at that depth. This flag. set
by the Ametek hardware. is an indication that the backscattered energy received at the
transducer was sufficient 1o resolve the Doppler shifted peak of the spectrum.

Fig. 3.1 shows how the average data quality over a 12 hour period. as indicated
by this flag. varied as a function of depth for 2 subsets of the data taken in water at
least 500 m deep. The details between closely spaced vertical profiles can vary. but in
general there is first a region near the surface for which the data quality is poor. next a
broad region where data quality is excellent. and finally a region in which the data qual-

ity diminishes with depth.

Since the intensity of scattered energy falls rapidly with distance from the
scatterer. it is not surprising that data quality diminishes with depth. It is conjectured
that the near surface region of low validity is associated with spectral spreading caused
by scattering from bubbles or directly from the ships hull. A remarkable example of
how scattering strength can vary in unforeseen ways is reported by Cochran and

Sameoto (1983).

3.5. Bottom Reflection

Since CODLE was a coastal experiment. acoustic data was often collected in
waters for which the bottom depth was less than the acoustic range. In such regions. it
was necessary to exclude signals reflected from the seafloor. The profile of received
power mayv provide a straightforward means of accomplishing this. but such measure-
ments proved unreliable during the experiment. Screening was thus performed on each

average profile based on the bottom depth estimated from the ship’s position.

In the CODE region. an efficient computer routine was developed for interpolat-
ing a digitized bathymetry. using LORAN-C fixes for position. The accuracy of the
predictions. by comparison with depth sounder (PTR) measurements. was markedly
improved by adjusting measured LORAN-C positions (.3 north and 0.25° east. This is
consistent with a comparison of satellite vs. LORAN-C derived positions. After adjust-
ment of LORAN-C positions. the rms accuracy of the depih predictions within the DAL
depth range was 2.5 m. or less than 1 range bin. Outside the CODE area. minimum
depth sounder readings over a time interval. generally 5 minutes. were read manually
and kevpunched for interpolation. In the absence of depth sounder records. LORAN-C
positions corrected by local estimates of the LORAN-C offset from satellite fixes were

plotted on depth charts and depths kevpunched for interpolation.
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Fig 3.1 : Depth range of shipboard measurements is shown by the percent of pings for
which the profiler electronics indicated valid returns at each range bin. Two 12 hour
g subsets of data are shown, one each from 1981 and 1982. Details of such validity profiles
; vary with many factors including location and time of day.




Since botton reflection is expected to be much stronger than ocean backscatter.
reflections from transducer sidelobes will degrade the signal. To reject all possible
sidelobe reflections from the bottom. the profile was regarded as valid only for range bins
whose maximum range i~ less than the water depth. D, minus the transducer depth. z,.
From Table 5.2, relating range bin geometry and depth. the relative velocity profile was

regarded a~ valid av depth z only if

(T~ Ar

7 Deosa, )(‘usu( - (cosa, 1)z,

or for the nominal values of the parameters
7 - ORTD 9 eters.

Because of the need to eliminate bottom reflection. near bottom currents cannot be pro-

filed.

3.6. Acoustic Profiles of Relative Velocity in Ships Coordinates

How accurate are acoustic measurements of relative velocity 'V made from a
moving ship?  They will contain errors from a wide variety of sources. and we may
expect large variability between individual profiles. Variability arises from measurement
noise due to finite bandwidth in the transmitted acoustic pulse. as well as finite time for
frequency resolution within a range bin. Variability occurs in the ocean at scales below
our resolution. from small scale turbulence within a range bin or horizontal shears at
scales smaller than the separation between acoustic beams. Even if the scales of ocean
velocity were fully resolved. additional variability is introduced by limited sampling of
non-passive motion {swimming) of the objects scattering acoustic energy and by multiple
scattering events. Accelerations of the ship. in response to ocean waves or under inten-
tiona! control from the bridge. also add variability to the relative velocity.

Fig. 3.2 shows histograms of the variability in measurements of F(z') and P(z").
the foreward and portward components of V. at constant 2, the depth in ships coordi-
nates (Chap 2). The data come from 1-minute segments (100 pings) over which the

ship speed was being held steads. Despite the fact that the data are taken over a short
time interval. the rms variability in individual estunates F and P at fixed z” were

rms variability on station at 10 knots
in F 38.9 cm sec 36.3 em sec
mbpP 23.0 cm - sec 17.3 cm sec

The size of this variability is nearly independent of the range bin considered.
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Autospectra of this high frequency variability are shown in Fig. 3.3 for 3 sets of
conditions. lu each case the ship is steaming at "constant' speed under control from the
bridge. The spectra show that the variability in acoustic estimates over periods up to ]
minute is composed of a white noise background plus a broad spectral peak at periods of
order 3 10 10 seconds.  The frequency of the spectral peak is higher when the ship steams
into the waves and lower wheti steaming away from waves. These characteristics suggest
that the peak is due to accelerations of the ship by the surface wave field. This is con-
firmed by the high coherence found in the 3 to 10 second bands of the cross spectrum of
F(z') and P(z°) with the pitch and roll angle of the ship (Fig. 3.1). The contributions
to the rms variability from measurement of wave-induced ship accelerations and from

the white noise background error level are

rms variability on station at 10 knots
36.3 cm sec
34.1 cm 'sec

12.5 ¢cm sec

38.9 cm sec
37.6 cm sec
9.R cm sec

in F total
wave
white
in P total 17.3 cm - sec
13.6 cm - sec
10.7 ¢m - sec

23.0 cm sec
20.7 cm sec
10.0 cm sec

wave
white
Clearly the majority of variability at periods up to 1 minute arises from sensing of actual

wave induced ship motions rather than from white noise inaccuracies in the measure-

ment process itself.

Nonetheless. before they can be used to infer properties of the ocean. the meas-
urements must be filtered to reduce both the white noise and wave induced variability.
The success that anyv proposed filter will have in reducing this variance can be calculated
from the spectrum of the noise (Fig. 3.3) and the transfer function of the filter. Fig. 3.5
shows the rms notse as a function of filter length N for a block averaging filter. The
variance is reduced rapidly with increasing N up to N 7 50. then more slowly for higher
N. This is because the variability due to accelcrations in the wave field is highly

coherent in time and is reduced approximately as N !

[

. The white noise component. while

smaller. decreases only as N and so persists longer.

We see then that by regarding the individual estimates F and P as time series at
each range bin and averaging over many pings. the high frequency variability due to
waves and white noise inaccuracies can be reduced. Block averaging over N- 100 sam-
ples leads to averaged estimates contaminated by 1-2 cm sec rms noise from the residual
effects of white noise measurement errors and wave induced ship motion. As N i

« . . hi)
increased further. the noise from these sources decreases as N1 2,
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Fig 3.3 : Autospectra of ping-to-ping relative velocity measurements for 3 subsets of
data taken at nearly constant shipspeed while (a) steaming into seas, (b) on station, and
(c) steaming with following seas. Solid line is foreward velocity F, dashed line is -
portward velocity P. Note peak at surface wave encounter frequency rising above a .
white noise background.
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Fig. 3.5 : Expected residual wave induced and white noise in acoustic measurements
of relative velocity after block averaging, as a function of averaging length.
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3.7. Rotation to Geographical Coordinates

.
To properly vecior average the relative velocity measurements. they must first !
be transformed from the ship’s coordinate syvstem (x v .z ") to geographical coordinates.

L,

Let us define a (quasi) geographical coordinate svstem with origin at the ship’s trans-

ducer and coordinate axes X. ¥ and Z pointing east. north and up respectively. We shall

describe the transformation between geographical and ships coordinates by a series of

three rotations mvolving the angles
#. the ship’s heading. measured from v (North) 10 X7 (Fore)
p. the roll angle. positive for port side elevated

«. the pitcl angle. positive for bow elevated

measured relative to rolled coordinates

Any arbitrary vector whose representation in ship coordinates 1s A" will have a

representation in geographic coordinates given by :F
A RRRA (3.1) ]
-
1
'4
4
-4
sinf) cost 0 ] 0 L}

R, - Jcos# siné 0O R, 0 cosp -sinp (3.2)

0 0 1 0 sinp cosp

coso 0 -sing ’
1
R, 0 10 \
<
sineg 0 coso ’

Thus if the relative velocity vector measured iu ship coordinates 1= V' the time aver-
aged relatinve velocity in geographic coordinates will be »
--1
V R.RR.V (3.3 ’
g (3.3) emphasizes the fact that, because the transformation between the two systems )
i~ time dependent. we must transform the data to geographic coordinates before vector .J
averaging to obtain correct averages., Otherwise. correlations between the ships orienta- B
A
tion and its velocity will bias the resulting average and. in turn. the currents calculated 5
from those averages. Since the transformation is performed using measured values of #. ;
p and ¢. the errors in measuring these angles will affect inferred average velocities. The ]
analvsis of the next two sections suggests that the effects of pitch and roll are not ]
R
<
<
;
)
;
X
-
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important for the CODLE data set. but that error- i1 ship’s heaamng measurements might

be.

3.7.1. Piteh and Roll

Accoutiting for the effect of piveh and roll of the shap on measured profiles of the
refative vaocity vector requires consideration of two effects. ln the first place. the coni-
ponente of Vot be rotated 1o devel coordinates. o addition. the location of the

Measuren s ¢ s aiso e transformed. Thue

A\ R R R ‘ N (3.4)
R.R R ‘ NViisg oo eV ’
R,.}\' W )-El
Mohiere
dF dz cospsinodHl dz
Y 7 11 cospec o) |dP dz|-2° sinpdH dz (3.5)
dH dz tan“a . (cospsinodF dz-sinpdP dz)

i+ the term which must be added to the profile in ships coordinates to correct for dis-
placement of the measurement depths from their nominal positions. It is calculated from
the bearn: eguations 2.7 and 2.5 under the assumption that horizontal shears are neglhgi-
ple compared to vertical shears  The full error vector E s the velocity overestimate if

the profile i~ not corrected for piteh and roll.

E (1 RR, Vs -RRV

F(1 coso) - Hsine
Pl cosp) - Fsinpcose - Hsinpeoso| - R REVT (3.6)
H{l cosocosp)  Fsinocosp  Psing

U nless pitcl and roll compensation i< performed separately for each profile. variability in
E will contribute noise to estimates of V{z} as the ship’s attitude changes from profile to
profile.  Nore tmportantly. if E has a non-zero mean value over the averaging period

used this mean value will bias the estimate of V(z).

T
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Table 3.3 : Effect of Pitch 0 and Roll p angles
on Relative Velocity Components (cm. sec)
Depth = 30 m
T Steaming On Station
mean  sid dev max min mean  std dev = max min
“Measurements
F C 00,8 1.2 5252 480.1 19.8 31.8 925 -28.7
p 2.4 ). 1 11.8 -11.8 1.1 19.0 41.1 -37.0
Ho a6 16 31 .39 19.2 2.1 266 15.3
Depth change error T i
I N VR T 0 0 0 0 0 .0
rP 0 K8 .0 .0 .0 .1 .0 0
¢H 0 0 .0 .0 .0 .0 .0 0
H()—(:[—lfl(_:ilgﬂ [;rfur ) B i T
" Fore T T
Fil-coso] 1 0 3 .1 .0 .0 .0 0
Hsino T 2 1.4 3 .6 2 1.0 2
Port ) T -
P(1-cosp) 0 0 0 .0 .0 .0 .2 -1
Fsinesino -1 0 .0 -2 .0 .0 .0 .0
Hcosesinp -1 N 2 -4 Q0 3 1.0 -1.2
Heave
H{1-cosocosp) 0 0 0 .0 .0 .0 1 .0
- Fsinocosp 4.1 1.2 7.1 5 -2 .3 2 -1.4
- Psinp S S T S | 6 6 3.0 0
NETERROR fem sec) ?
T O A W3 4 6 2 1.0 2
in P - 1 2 -.2 .0 3 1.0+ -1.1
in H 1.2 1.2 7.2 .6 .4 il 3.1 -9

Tabie 3.3 : Gyroscopic measurements of the ship’s attitude were used to correct the ship-
board profiies of relarive veiocity Viz) for the effects of pitch and roll during CODE 1. This
tabie shows the error< (in cm sec) which wouid have been incurred in 100 ping averages of
V{z) in the absence of such corrections. Less than 1 ¢m sec of bias is introduced +to the
horizontal components of Viz) when pitch and roll compensation is not performed. The

added noise in the estimates is likewise small.
subsets described in section 3.6 of the text.

These calculations were performed on data
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During CODE 1 the pitel and roll of the ship were measured gyvroscopically dur-
ing all acoustic profiling as described 1 Section 5.1 These data were used to caleulate
the terms i E which are introduced when piteh and roll corrections to the profile of
relative velocity are neglected. Results are presented i Table 3.3 for two data subsets
during which the <hip’s heading ¢ was held constant. one while the ship was steaming.
the other while the ship maintained position. Each data subset consi<ted of 60 blocks of
100 piug~ each (approximately 1 hour) and correspond to the data whose cross-spectra
were presented in Fig. 3.4, The results indicate that. while the long term average of ship
vertical velocity shows a substantial bias of order 3-4 cm sec when pitel and roll con-
pensation is not performed. the long term bias in the horizontal velocities is fess than |
cr sec. Table 3.3 indicates that the major contribution to the bias in the fore com-
ponent arises from rectification of the heave component through the term Hsino. while
the major contribution to the bias in vertical velocity comes from the Fsinocosp terni.
The effect of range bin displacement on long term averages was in general very small.
The rms size of the additional noise in a 100 ping average profile due to variabiliny in E
i« of order 0.2 cm sec. which is small compared with the 1 to 2 ¢m sec noise from high
frequency variability which remains after filtering. as discussed in the previons section

These results indicate that. for a well-riding vessel such as the RV Weconia.
averages of acoustic profiles can be calculated with minimal error in horizontal velociy
estimates by treating the data as though they were measured in a level plane. ignoring

corrections for piteh and roll.

3.7.2. Heading

The third reference angle which must be determined before the relative velocity
profile can be rotated to geographic coordinates is the ship’s heading. Surprisinghy. it i-
measurement of this angle. not pitch and roll. which introduces the largest uncertainty
into the data required for determination of currents. This comes about because a small
measurement error in 6. the heading angle between Noo Y and the Fore direction. can
lead to large errors in the inferred geographic components of relative velocity, and there-
fore to large spurious currents. If the measured heading i« § 6 - of. where 66 is the
measurernent error. then the geographic components of relative velocity computed using

Lg 135.210 will be inerror by
Uzl Ua) Ulzdlcoséf 1) - V(z)sindd
N7 \(7) Uz)simef - V{z)(cosé8 1)

For a <hip steaming north at V' 500 em sec { 710 knots ). a heading error 86 of I’
would vield errors of (A.7.-0.1) e sec in the relative velocities (UV), and so add errone-

ous contributions of the same size to the currents. Since the error is dominated by
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and sech the values of uod which prodoce the miniminmn toral squared misfic betweer

the data and the model

Note that d (0 must be treated as a measurement. This is because the best fit will not.

e general, pass through d, 0 siuce all fixesincluding N0 contaln measurement error.

Mininmozing « = with respect 1o i and d gives

N NN
(NN de 3y Md)

1 - — (4.32)
N-nYes (S
A N . N N
Vid Vi Vde Mo

P . _ (4.35)

N N
N-DY Y

Thie least squares fitting procedure can be viewed cqually well as a filtering procedure

This may be seen by rewriting (4.32) in the form

"\ N
u E*'jd“ (4.31)
I ’
where
N
(N -In S
ko o
- = < - (1.55)
N YL (S
bt Eod

The o do not depend on the data values (% and mayv be viewed as filier weights, If the
~armpling occurs at equal intervals
N (1.36)
then
6 21 N

—_—— — | (1.37)
AONIN (N -

Substituting CL3TY and (1290 wnto (4.3 we find
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Note that the filter 1= svmimetric, w w . This means that we need not have

required the current to be constant over the filtening interval. The weaker condition
-
~—{u,.--u ;) u (1.25)

suffices for (1.16) ef seg. to apply.

Thi~ optimum filter is a significant improvement over simple averaging. since
the rms measurement noise in the estimated current decreases as M %% compared with
the rate M ' obtained for simple averaging. The simple average has a clear meaning -
rather than calculating the current between sequential fixes. average \ over (2M- 1) fix
interval~ and nse only the endpoints x,_y.;.%.y to determine the current.  The
optimum estimate also has a simple physical interpretation.  As we show below. it is
identical 1o making a least squares fit 1o the slope with time of the displacement of a

water parcel at the measurement depth.

4.5. Least Squares Drift

During « single measurement interval At, a water parcel at the measurement

depth will drift due to the currents by an amount
AL (xox ) - VA <. (4.26)

Wemmally assume. as before. that the current is constant over the water parcels sam-

pled during the estimation interval. Then the total drift from time t; to time

d d PN X SV I Pt (4.27)
P i

will increase linearly in time with a slope given by the current. Thus the current can be
estimated by using measurements {x;1{\V,} to calculate the cumulative drifts and then

finding the line which best fits then. A< we shall see. additional useful information can

be obtained by adopting this point of view.

et

v (1.28)

-~
-

be the measured drift between the i 1% and ' fixes. Accumnulate this in a total drift

from the <tart of the estimation 1o the j'' fix in

d d e (1.29)
i

We may define without loss of generality . the initial time, and d,. the measured drift

at t .10 be (. Since the true current i~ assumed constant. we model the true drift as

d it d (1.30)
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Assuming that the efforts of Chapter 3 were successful and the bias of the measurements

o O, the bilas 1w the filtered estimate is
hY!
cu UV w 1. (1.17)
e R
N

Zero blas is obtamed if the weights fw | b satishy

) W l. {4.1%)

With (1.16] and (4.1x1. the mean square error is

A A
AT ) Y oww on by (4.19)
— < Ty ! RS
Moy M
The filter weights are determined by minimizing this mean square error. subject to the

constraint {(4.1%) which can be enforced with the aid of @ Lagrange multiplier A, Letting
| T ALY w0 (4.20)

and requirmg 0l dw, O for M- n N vields the 2M -1 equations

M
S W (\l]‘i,j("l]':_n A (4.21)

M

With the constraint (1.18). these equations defline at most one solution for the 2N -2

variables {w 1 and A, Substituting the covariance from (4.12) into (4.21) and solving

subject 1o the constramt (4.18) vields
w . A IR B 1 M- M 1.22)
T T T R ! (

and

by

6 c

A - (—=) (1.23)
N M 1)(2M - 3)
which i~ also the mean square error of the estimator
i L ot (4.24)

as may be verified from (4.19).
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The rm= norse 10 u . an individual e<timate of the current. 1~ then

This noise 1~ quite large: for At 70 e - 2T cnnosec and 10 e sec for the s ross-shore

and alongshore currents respectiven

Since this noise = proportional 1o BN an obvions method for improving the
accuracy would be to use Jonger time antervas betweer fxes Jocreasimg At oto N A
results e an Nfold decrcase o the rins error e B <ipiy imcreasimg the tine
between fines v equivarcr: 1o averasime N adiacent tomicasarec over the ~horter interyal
At as may be seen fron 100 Wher ncasarements are avadabnc on The shorter i
interval A0 s averaving 1 corresponds oo throwie away the anformation pro
vided by intermediare fives s ane wsing oniny it and final fives Or the other

i

hand. by taking tne statsres of the signar and errors Lo account We cat improve the

filtering bevond tne <impie averating o an endpoint estinator

4.4. Optimum Estimator

The nsight gamed from speciral analvsis of the raw measurements can be used
to produce an estimator v for the current uo which optimally reduces the nowse due 1o
errors in the measurements w1t as natural 1o construet this estimate from a linear com-
bination of the N 2N 1 closest measurements centered at u,.

At
u Y owon (4.1 1)

—

Al
The filter weights {w , are 1o be determined by minimizing the expected mean square

error o u for a fised filter length N 2N - 1. The error in the estimate (1.14) will be

A 1
A S W oAy E Y TR (4.15)
N A
The Grst termoan (U150 the error due to nowse &0 an the measurements, while the term
in bracket< is the error which would arise simplhy from filtering the field. even in the
absence of measiurement noise. Clearly 1t 1s not possible to choose a single set of weights
which minimizes this latter term for arbitrary structure in the true field u;. Since the
analysis of the preceding <ection suggested that the geophysical signal is contained in the

low frequency portion of the spectrum. we tentatively assume that u is constant over the

filtering interval {we shall relax tins condition laver). Then
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To test this interpretation of the spectral peaks. we consider a simple model for
the signal and noise statistics. The error spectrum is determined by the correlation func-

tion of the errors

<N y
fui 'NEE

M M o ,
Y 80,60, e TR (4.10,
Mo MM

g 146 relates o0 1o the errors in the measured quantities. X . 4V . The discussion i

Chaptes 3 suggests that it is plausible to model

N AN A
e\ e oyl (1.11)
exeV 0

I thi- model i« valid. then the noise in the current measurements

(7; 0 (’\AI - ) -
- ((- - ( ) V‘n.n; : bn 1 (L<l.n J (1.12)

fu o,
A o,

so that we should observe a measured spectrun.

& \2 o o
s CNu - A“ sin“m AU - 20 At (4.13
‘ 1

Representative values of @ 22 30 m. e y= 2 cm sec and At= 70 sec are cited from the

i

result~ of Chapter 3. Errors in the position are the dominant source of noise over most
R 1 ay Al
sin

of 1he spectrum. e for
T A\t 200,

)= 1-10 * Hz. We therefore expect that.

H the nodel statistics are correct. the spectrun should be proportional 10 sin“z fAt over
the noise dominated frequencies,

In Fig. 4.3 we plot S (f) sin“7fAt.  The constancy of this quantity for
¢ I 210 ° Hz supports both the identification of the high frequency peak as the
noise portior of the spectrum. and also verifies the statistical model (4.11) over this most
energetic part of the inferred noise. Below 10 ¥ Hz. 0 contains either signal from the
current field or non-white noise.  In the absence of other information. we adopt the

former possibility as a working hypothesis.

4.3. Endpoint Estimator

Application of (1.13) to the data in Fig. 4.3 allows an estimate of the rms noise

in position measurements
o, 43 m in the cross-shore direction

20 m in the alongshore direction
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uou - oeu (1.4)
where -
U -l—fu(x -2, Z)dt (4.5)
: ) J ( “ b .
and
R | . . -
Y —(fx 6X AN 1.6
< (éx. 1) , (4.6)

Fig. 4.1 shows representative time series of the measured quantities Vi AxX; At,. and u,.

4.2. Spectrum of the Measurements

The fix-to-fix current measurements {0} are a time series. whose spectrum S (f)
mav be evaluated via a discrete Fourier transform. If the fixes are equally spaced so
that At At for all 1

Y M -

< “.' - Al e 2r mifar 4.7
A X e (4.7)

Then from (1.4). assuming sigual and noise are uncorrelated.

< (N N

Uu

(1.9)

Seuretl)
i.e.. the spectrum of the measurements is the sum of the noise and true field variability
spectra

Figure 4.2 shows the spectrum S (f) of the fix-to-fix current measurements ;
for a subset of the data described in Section 3.6. The solid curve is for measurements of
the current component along 317°T. the alongshore direction in CODE: the dashed curve
is for cross-shore currents. The variance in the measurements. given by the area under
the spectruni s larger for the cross-shore currents than for the alongshore currents.
Both components show similar spectral shapes. characterized by a sharp peak at low fre-
quencies. a broad rise at higher frequencies. and a spectral gap in between. It is tempt-
ing to identifs the low frequency peak as the geophysical signal S, (f) and the broad
high frequency peak as the contribution of the noise spectrum 8, (f). The spectral gap
between these two would be encouraging. indicating that the energetic part of the noise

could be filtered with minimum loss of the geophysical signal.
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Chapter 4

SSTIMATION OF CURRENTS

4.1. Introduction

We now address the problem of obtaining the best estimate of the current field

using the data deseribed in Chapter 3. In Chapter 1 we wrote

dX(‘
u(x(,Ar) - T b V(l‘) (41)

where x. is the Jocation of the instrument. r is the location of the measurement relative
to the instrument. and u. dx,-dt and V are the current. instrument velocity and relative
velocity respectively. Our data set consists of measurements of consecutive fixes x, and
of the average vertical profile of relative velocity V(z) between fixes.

First consider the problem using measurements from a single depth. with each
velocity component treated sep -ately. Using tildes to identify measured quantities and

hzts to identify estimates. we define

t.  the time of the i*" position fix (4.2a)
Aii - 4 1},] (42}))
x; - Xg(t;). the true position at time t; {4.2¢)
X; = X, - 6X, . the measured position at time t; (4.2d)
lk
V, = AL f\’(zk)dt . the true average V between fixes (4.2¢)
G,
!I
v i f(’(zk)dt -V, - &V, . the measured average V' between fixes  (4.2f)
=,

where z, is the depth of the k'" range bin and é%,. 6V, are the errors in the measure-
ments.

Fach pair of fixes. together with the average relative velocity between them.
constitutes a measurement of the average current at z,

. 1

U - A—‘i(ii‘ %) -V (4.3)

I

From (4.1) and (4.2) then
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Table 3.5 : Calibration and Misalignment Errors

Misalignment ~ Calibration

- Samples 66, (degrees) . 3

" CODE 1. Leg 4 161 1.4 -.006
" Legs 153 0.2 -.012
- Leg 7 138 0.1 -.010
CODE 2. Leg 46 174 04 ..009
7 Leg9 174 00 -.010

Table 3.5 : Calibration error 8 and misalignment angle é6, calculated from changes
in apparent current which accompany changes in ship velocity using Eq 3.12. The large
value of 68, during CODE 1. Ler 4 decreases substantially for subsequent cruises: this

drop coincides with repair and realignment work performed on the gyrocompass follow-
ing Leg 4.
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Obtaining current estimates U and v i~ discussed i Chap. 40 With these esti-
mates aud the measured relative velocitny U oand NV we can estimate a and b from the
dependence of measured currents on the stip velocity. We might simply assume the
currents should be uncorrelated with the ship velocity and caleulate a and b from the
micasured correlations and hq 3.8 above. Even better. we can consider local changes in
micasured currents which accompany local changes in ship veloeity, Define measures of

change in current and shop velocity by

q —(u -u.} u (3.11)
Q __])-(\"' VoV,

where .0 and 4, are the independent current estimates obtained steaming toward.
steaming away froni. and while on station respectively. with corresponding definitions for
the relative velociny estimates Vo Then for cach station we can form an estimate of the
constants a.b from bg 3.2 by assuming that the true values q and Q are uncorrelated (
¢ that the change in true current is uncorrelated with the change in ship velocity ).
and by approximating the true relative velocity by the measured relative velocity.,
i 74 Q) 1QQ) (2.12)
b (qQ) (QQ)
We can then simply average the estimates d&. b, In practice. only estimates involving
large Q for which the error signal should be correspondingly large. were used. and esti-

mates Iving more than 3 standard deviations from the mean were rejected.

Table 3.5 shows the results of this analysis for several CODE cruises. The cal-
culation indicates a calibration error of about 19, with uncorrected ship velocity being
low. The large value of 46 observed during CODE 1. Leg 4 decreases substantially for
subsequent cruises: this drop coincides with repair and realignment work performed on
the gvrocompass following Leg 4. The data were corrected for the calibration error
fassutned to be constant at 179) and for the Leg 4 misalignment error before further

analysis

f—t— s m & A &

U

e et am e me——a = A a




-

L8

A S ax g

\ S0 e gn e Jon Mah Saad Sese e siaseotEEeSas “agh-Rutdk MIMEESE o - - LA v 5 R At ton Sass aies e TYT VY

30

I sumimary . the heading measurcment obtaived from a Sperrv-type gyvrocom-
pas~ contains several sources of error of sufficient magnitude to degrade estimates of the
cross-ship relative veiocity component. While most of these can be accounted for once
their presence in the data is recognized. the rolling error arising from wave induced tiht

and accolerations cat not.

3.8. Calibration and Misalignment Errors

A~ the research vessel moves through the water. each component of 1t horizon-
tal velocity can vary over a range {rom - 300 cm sec to =300 em sec. Since the currents
thay constitute as litte as 190 of this signal. 1U s essential 1o recognize and remove errors

which depend on the ship velocity.

speed dependent errors arise from a wide variety of sources. Terms of order
{ V1" in the Doppler shift. constant errors in the oscillator frequency or speed of
sound used. splaving of the acoustic beams. ete. have the effect of calibration errars.
canxing the ship velocity 1o be over or underestimated. Rotation of the transducer head
relative 1o the gvro reference line. the misalignment angle. causes the relative velocity to

be over or underrotated when referred 1o geographical axes.

Suppose the data contain errors caused by a calibration error. 3. and a misalign-

ment angle. 66, . Then the measured horizontal components of relative velocity will be

U (1-9)Ucosd, - (1-3)\Vsindb, (3.7)
\ (1-3)Usind#, - (1-3)\Vcosod,

where UV are the true components of relative velocity. The inferred currents computed

from Eq 1.2 will thus be related to the true currents u.v by
U u - bl - aV (3.%)
) v all - bV

where

a

(1 S)sindf, (3.9)
b (1 -.9)cosbll, |

If we can use the data to infer (a.b). we can determine the calibration and misalignment

angle errors as

60, tan (=)

3.10
b1 ( )
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rotation of the large fore component of veloeity into the cross-ship component. the error
currents will be polarized in the cross-ship direction. and will increase with the speed of
the ship. Unfortunately. errors &6 of thic order of magnitude cannot be ruled out.

The heading data for this study were taken directls from the ships Spern
MEST master gvrocompass. One reading was taken for cach acoustic pulse (0.6 se
sampling 1. To provide a heading measurement. the gyvrocompass must sense its orienta-
tion relative 1o 3 directions. The fore aft axis of the ship. the direction of gravitational
acceleration and the rotation axis of the Rarth provide these reference directions.  An
error in the detection of any one of these will vield an error in the measured heading. A
complere discussion of the mechanies of gyvrocompasses will not be undertaken here. and
interested readers are referred 1o texts such as Arnold and Maunder (1961) or Wrigley et
al. (1969). Table 3.1 <ummarizes some characteristice of measurement errors which are
present in gyvrocotpasses of the Sperry tvpe. The misalignment angle is the constant
angle between the gyrocompass fore direction and the fore direction defined by the
acoustic beams. Fasham (1976) discusses a technique for determining this angle which
requires steaming a course in a steady cross-wind at a variety of speeds and attributing
covariance between foreward and portward relative velocity measurements to transducer
misalignment. A test run using this procedure was made during CODE: it showed that
during the test the acoustic transducer was aligned to within 0.2° of the fore aft axis of
the ship as defined gyroscopically by the heading. A posi-processing method for estimat-
ing both the misalignment angle and calibration error is presented in the next section
which requires neither special test courses to be run nor strong assumptions about the
steadiness of the wind and horizontal structure of the current shear field 1o be made.
The latitude error and velocity error in Table 5.4 are usually corrected in the course of
normal ship operations. The crew manually enters the speed and latitude of the ship
into compensators located on the bridge. Were this not the case. these corrections could
have been applied (more accurately) in post-processing. Acceleration error. which takes
the form of damped oscillations in the heading. at &4 minute period. following a
if

the history of the ship velocity is known for a long enough time. The wave-induced rol-

maneuver involving north south accelerations. can aiso be corrected in post-processing

iing (also called quadrantal) error depends on the details of the gyrocompass construc-
tion and [ am not aware of any method for removing it. The magnitude of 0.75" listed
for this error comes from engineers at the Sperry Corporation (Herschel Porter. personal

comrmunication).
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Table 3.4 : Heading Errors
Error Forcing Form B Magnitude
Misalignment Angle installation error constant ?
Latitude Error A ~stanA 1.6°
. . : - \
Velocity Error A tan Mfom—oo 0.8
Y RcosA - L
o Acceleration Error Y -3 ———:;T— AVe “sinvi-:tat 04"
. R “cos*A
r ‘ Rolling Error wave induced ship tilt - 0.75°
g
-
. where
- ~ = gyrocompass damping parameter, 2° for Sperry Mk 37
- ~¢ = vg R . the Schuler frequency
R - radius of Earth
. 1 = rotation rate of Earth
}
o ~
s P ’ s
T
A = latitude
(U.V) = (east.north) ship velocity
,. AV = change in V during maneuver, assumed to occur quickly compared to 27 /.,
A t = time since maneuver
h .
- Table 3.4 : Heading Errors. This table lists several common errors which may be present in gyro-
. compass data. Magnitudes assume an operating latitude of 38° N, a course due north at 10 knots,
[ . and a maneuver in which the ship reverses course over a time which 1s short compared with the
. Schuler period. With the exception of the rolling error. these may be corrected either at the gyro-
‘ compass of In posL-processing.
v
¥
v
o
o
o
*
b
»
r ' -
.
X
‘....‘ .
o
o
®




.
e

L AR M Ak gmud &l

Lan on

P

——— LA S IMNARSEEE —~ s
e ° y I.f .

Ty vy
e e
.

AR 4

o W o B e A oA

12
. N
T T
NN )N -2 O |
6 At > AN
—_— V7 25N\
NN 2] _Z(J !
or
N L.
. O - . X Ny 1 .
_— — VN ——— V) 4.3KR
ONN s g '— ! (455
This is identical to the results (4.11).04.22) since N 2M - 1.

The two methods of deriving the filter produce the same estimator. but each
provides a different piece of supplementary informatios. From the optimum estimator
On the

other hand. the least squares formulation provides not only a current estimate U (4.34)

calculation we obtained (4.23). the expecied rms error in the filtered estimate.
from the slope of the drift. but also an estimate of the intercept di. Since the drift at
Uime zero must be zero. d¢ i« Just minus the error in the initial fix .. By correcting the

initial position and integrating (i V) over time, an improved estimate of the ship’s

position can be obtained. This allows the location to which the estimate apphes 1o be

determined more reliably than would be possible by using raw fixes alone.

4.6. Optimum Filtering

The result {1.24) gives the expected rms error for the estimator (1.3%). But
because we have assumed the true current is constant (or. more precisely. that 4.25
holds). Eq 4.2+ predicts that this rms error will decrease to zero as the filter length N i«
imcreased.  In fact. of course. at sufficiently large N. Eq 4.25 no longer is a vahd assump-
tion. and increasing the filter length will increase the error in the estimate by
oversmoothing true structure in the current field. Choice of an appropriate filter length

is achieved by minimizing the net error due to both sources. which can be written as

(0 u) fSuu(f)(l W(f))%dr - f.\‘mm(f)\\""(f)df (4.39)

where the first ternn represents loss of signal due 1o filtering and the second term
represents the notse which passes through the filter.

filter.

W(f) is the transfer funcuon of the

A _
W (f) T owe SR (4.40)
b M

which, after some tedious algebra. can be determined for the optimum estimator weights
(1.22) to be

3 (N - D)sinN A Nsin(N - 2)7fA
IR

W (f) (1.41)
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Since we have a model of the noise spectrum S and can infer 8, from S, and S

cutL cucy’®

(1.39) can be evaluated as a function of the filter length N. and the value of N which
minimizes - (i u)° can be chosen. This technique also allows us to 1est the perfor-
mance of alternative filters by simply inserting the appropriate transfer function into
{1.39). The results of such a test are shown ity Fig. 4.4 for 3 choices of filter - the leas:
squares filter of Eq 4.34. & lowpass Tukey filter and a truncated sinc filter. The results
are nearly identical for the three filters. with the least squares estimator vielding sorme-
what lower expected errors at short filter lengths and achieving minimum error more
rapidly than the other Jlow pass filters. and the other filters removing sormewhat less sig-
nal in the case of overfiltering. I all cases. the mean square error drops steeply to the
minimurn. then rises slowly as the filter length is increased past the optimum value.
since we don’t know with great confidence where the signal truly begins, the data were
processed conservatively by using a filter of length N-=30. Fig. 4.4 suggests an rms

24

uncertainty of 2-% cm sec in vo the alongshore current. and 4-5 cm sec in u. the cross-

shore current. should be expected.

4.7. Vertical Current Profiles

The analysis 1o this point has focussed on predicting the current u(z,) at a sin-
gle depth 2z, from acoustic measurements for that depth and from navigational data. To
estimate the current at another depth. of course. the filtering procedure could simply be
repeated using the acoustic data from the new depth. However. we have seen that the
acoustic data 1s much less noisy than the navigation data. so that while 30 minutes of
combined measurements are required to determine the absolute current at any level.
vertical shears between levels can be determined from 5 minutes of acoustic data aloue.
Lstimating the current at one depth using 30 minutes of data. the vertical profile of
currents could then be determined from the shear over the shorter 5 minute period.
retaining shorter scale variability in the current profiles. To obtain the current profiles
for this study. 30 minute time series of vertically averaged V were used to estimate the
average current over a vertical slab of ocean. The vertical deviations from this average
were then determined from the central 5 minute average profile of V. Use of this slab

determination results in equal smoothing of currents at all levels by the 30 minute filter.

4.8. Summary

The goal of this section was to use the imperfect measurements of position and
refative velocity described in Chapter 3 1o best extract the current. Qur approach has
been to use each pair of adjacent fixes and the average relative velocity between them to
produce a single noisy measurement of the current. We have shown that

{a) the spectrum of such measurements shows a strong spectral gap separating two

'!
|
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(b) the high frequency peah 1= modelled well over most of its rauge by assuming it
arises from white noise error in the position measurements.
(¢]  the noise in an estimate U formed by averaging N adjacent measurements
decreases a~ 1 N and
{(dt an estimator formed by increasing the time between fixes is equivaleut to (¢).
By assuming the true current obeved (4.25) over the filtering interval. we
(¢] derived the estimator (4.14 or 4.22) which gives the minmimum mean square error
(1.249). and
({1 showed that this estimator ix equivalent 1o making a least squares estimate of the
drift of a water parcel.
By assuming the true current had variability described by the measured spectrum after
removing the spectrum of white noise fix errors. we
(g) tested the robustness of the optimum estimator. and found it to be not much
better or worse than other possibie low pass filters. and
(h} found the dependeuce of rms error in the filtered signal on filter length.

We then commented on how to extend the single depth analyvsis to vertical profiles.
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Chapter 5

COMPARISON WITH MOORED CURRENT METERS

5.1. Introduction

The CODE 2 moored array of current meters provides an independent set of
measurements taken while the Doppler acoustic log was being operated. By comparing
the current meter measurements with those inferred from the shipboard Doppler as it
moved through the current meter array we may learn about the reliability of the ship-
board Doppler technique. Furthermore. the fixed current meter movable DAL geometry
vields simultaneous measurements along a continuum of spatial separations. This means
that spatial scales can be investigated direct)y with the combined data set. without the
inherent wnxing of space and time variability to which survey measurements alone are
subject.

The CODE-2 moored array (Fig. 5.1) was deploved in March 1982 by scientists
from Scripps Institution of Oceanography and Woods Hole Oceanographic Institution.
and was recovered in July-August 1982, Moorings were set along 4 lines (designated l.
N. C.and R from north to south) perpendicular to the coast. in water depths of 60m
(except the | line). 90m. 130m and 400m (C line only). Details of mooring locations and

instrument depths are given 1in Table 5.1,

Data from these moorings were kindly made available by R. Davis. C. Winant

and R. Beardsley as vector averaged hourly currents.

5.2. Comparison within 1 km

Direct comparison between the DAL and current meter measurements was made

a~ follows:

Whenever the ship location ( from LORAN-C positions corrected as described in
Chapters 3 and 1 ) was within 1 km of the nominal location of a mooring ( also
corrected for constant LORAN-C offset ). the DAL profile was linearly interpolated to
the current meter depths, and the hourly current meter values were linearly interpolated
to the DAL measurement time. Current meters which were either too deep or too shal-
low for valid DAL estimates were not used. Comparisons are made using the alongshore
and cross-shore components. where the alongshore direction is taken to be 317°T every-

whereo except for the I moorings. where it is taken to be 0°T.
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-124 -123

Current Meter Moorings

- CODE 2 -

t‘. ‘ 39— —{39
Pt Arena

L- - —
|
B Stewarts Point -
Russian River
= Bodega Bay
\ Cordgll Bank &\L
38 - 38

Fig. 5.1 : CODE 2 (1982) moored current meter array. Table 5.1 provides details on
instrumentation at each mooring. Also shown is the location of wind buoy NDBO
46013.
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Table 5.1 CODE 2 MOORED CURRENT ARRAY

instr

water offshore
mooring latitude longitude depth  mooring nstr depth dist
_name  m)  ype type (m) (km)
13T T39° 3000 123° 4kt 90 < VMCM  10.20.53 10
11 39°  3.00° 123 5518 130 s VMCM  10.20.53 19
< 38°  19.50° 123  40.11 6“‘ 5 VMCM  10.20 ,
49.56 4095 SS$ VMCM 3552
N 38° 4807 123° 4191 ;] ' S VMCM 10 -
4809 477 58 VMCM  35.53.70.83
38 4579 123 45.60 12 S VACM 10
< = VMCM 20 »
4571 45.55 30 35S VMCM  35.55.70.90.110
VACM 121
- 38 38167 123° 2532 o S VMCM  10.20 \
38 20 25,28 S VMCM  35.52
38 3638 123 20T, s VMCM  5.15 o
- v VACM 10 .
¢ 36.40° 27.72 90 g VMCM 1020 ‘
36.35 2770 90 sS VMCM  35.53.70.83
38¢ 33267 123° 3168 S VACM 10
4 oo op 130 " N 15
33.26 31.56 38 VMCM  33.55.70.90.110
VACM 121
3&° 3080 123" 4025 S VMCM 203555
.- 3088 40.41 S VACM  70.110.150.
a 400 250,350 28
B VMCM 90
. 3R° 2707 123° 1397 s VMCM 20 i
R2 7 1294 O $$ VMCM 3553 5
R BOBIT 12 1640 § VMCM _1(’)‘?0- .
25 33 16.36 SS VMCM  35.53.70.83
38 20.76° 123 22.94 T S VACM 10
R4 130 VMCM 20 22
20 84 22.95° S8 VMCM  35.55.70.90.110
Table 5.1 : CODE 2 moored array. S (SS) denotes a current meter string which is

surface (sub-surface) moored. VACM (VMCM) denotes a Vector Averaging (Measuring)

Current Meter.
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two columns which count the number of comparison points: the first. N

Comparisons were performed for the entire CODE 2 data set over a wide range

of processing options. Filter fengths of half hour. hour and two hours. filters of the leawt
squares. Tukey and endpoint tvpe. slab and single level determinations. as< well as vari-
ous calibration corrections were all tested. No alternatives to the half hour, least squares
filtered. slab averaged. calibration corrected processing consistently vielded improvemenn
In the compartson statisties. A substantial improvement in comparison results wae
obtained. however. by an ad hoc chauge from the nominal depths of the DAL range bins
By treating the acoustic data in range bin n -1 as if they had come from range bin n. the
rms difference between current meter and DAL measured currents was dramaticalis
reduc-d (typically 300 reduction in the variance of the difference signal). Subsequent
measurernents by Regier (personal commuuication) confirmed the presence of hardware
sources for such delavs in the Ametek electronics. The results presented here use the

corrected depths for the measurements,

The intercomparison results are shown graphically by the scatter plots in

5.2: & statistical summary of the results is given in Table 5.2. In the table there are

o1~ gives the

number  of comparison  pairs (one DAL measurement per 5 minutes) and

corresponds to the number of points shown n the scatter plots. while the seconu.

Nnder counts only those samples for which distinct pairs of hourly current

meter averages were used in deriving a time-interpolated current to compare with the

DAL, and is the more applicable figzure for determining significance levels.

The mean cross-shore current component u at each depth as measured by the

DAL differs by 0.6 cm sec or less from the mean over simultaneous measurements by the
moored current meters: however the means for the alongshore component v differ by up

1.6 cm sec. with the DAL consistently showing stronger downcoast flow than the

meters. There 1s & strong cross-shore and vertical gradient in the mean

alongshore component of current over the shelf. as we shall see later. and the differences
in v omay arise froms small errors in our knowledge of the positions for the measurements
being compared. Correlations between the two sets of measurements are high. ranging

from .76-.%2 for u and .95-.97 for v. Standard deviations of the differences are 4.1-5.4

o and 3.6-1 1 cmosec inov: recall that errors of 4-5 em sec in u and 2-3 cm sec

im v were expected in the DAL currents from the considerations in Chapter 4. The size
of the differences between DAL and moored current meter measurements of currents was
found to 1nerease by small but statistically significant amounts as either the ship’s speed
or distance from the mooring increased. indicating that both measurement errors and
geophy sical variability contribute to observed differences. No tendency was found for
the mean or fluctuating differences to have a preferred orientation relative to the ship.

The variance of the DAL measurements is consistently larger than that of the current




vy

. —

vy T v

Table 5.2 Curren: Meter DAL Conparison Statistics
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meters rneasdrernents,

It assessing this comparison 1t is useful 10 know how two "standards" compare
with one another. Therefore direct comparison was also made between the only pair of
current meters 1o CODE 2 which were located at the same depth and closely spaced hor-
izontatlhv. one a VACNL the other & VMONL Both were Jocated 10m below surface
moorings 1 approxitmately 90m of water along the C line: the separation between moor-
g~ wa~ approximately 100m. considerably less than the typical distance the ship occu-
pied during comparison times. The comparison was made for the common time period of
1215 days beginmng at 1300 GNT on 24 March 19820 The results are also presented in
Table 5.2, The differences between the measurements are surprisingly large - mean
differences of 0.5 and 2.5 cm sec and standard deviations of the differences of 4.2 and 5.3
e sec inu and vorespectively. These differences do not correlate well with the currents.

and so are not easily explained in terms of fouling. broken fans. calibration errors. etc.

The comparison results are quite encouraging and demonstrate that meaningful
current measurements can be obtained fron the shipboard DAL, More accurate meas-
urements of position and heading should reduce errors further. An important obstacle
which i~ more difficult 1o surmount s assessing and correcting for variability in the
acoustic environment below the ship. especially the influence that bubbles have on sound

speed and thus on the relation between Doppler shift and relative velocity (c¢f Eq. 2.1).

5.3. Comparison at Larger Separations

Moored current meters continuoushy measure the current at a single location.
The shipboard DAL measures current at the ship's location. Thus as the ship moves in
the vicinity of a current meter the two instruments form an adjustable array and allow
simultaneoush measured currents to be compared at a variety of spatial lags. During
CODE the C-line was the region for which shipboard sampling was most intensive
{Appendix). and thus statistical reliability  highest. Fig. 5.3a shows how the mean
currents measured by the DAL varied across the shell along the C line. The origin is
taken at the C3 mooring. A strongly varving mean field. a~ observed for v(x). increases
the apparent noise for intercomparison experiments such asx the one just discussed.
Divergence in the mean cross-shore current u. expected in the presence of coastal upwel-
ling. is clearly seen. Fig. 5.3b shows how the correlation between DAL and moored
measurements at C3 fall off as a function of offshore separation of the ship from the
mooring. For u. correlation between the instruments falls to values not significanthy dif-
ferent from zero ar separations less than the mooring separations. while for v the cross
shore correlation length is substantially longer. Fig. 3.3¢ shows that the rms difference

between currents grows rapidly as a funiction of cross-shelf separation.
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Fig 6.3f : Cross-shore divergence ou dx and shear OV.Ox in mean currents.

calculated as in Fig. 6.3¢. Values enclosed in boxes are significantly different from zero
at the 957 confidence level, assuming error< in the mean are given by Fig. 6.3d and that
these errors are independent between adjacent bins. The latter is almost certainly
optimistic.
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Standard deviation of cross—shore current o,(x.z)
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Fig. 6.3a : Number of observations at each depth (m) and distance from shore (km).
Each observation was made along one of the primary CTD lines in Fig. 6.2a following
the spring transition to upwelling.
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numbered consecutively from station nearest shore.
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Fig. 6.2a : Primary grid of CTD stations for CODE. Stations on each line are

The Irish Gulch line was sampled

by CTD only during 1982. The 1982 Central line was some 3 km south of the 1981 line.
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Appendix for times occupied.
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1981 windstress
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Fig. 6.1 : Alongshore component of surface wind stress (dynes/cm?) at NDBO 46013,
computed from hourly wind measurements. The hourly stress values were low passed
using a filter with a 40 hour half power point.
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Fig. 6.6 1~ o map showing a principal axis analvsis of current fluctuations about
the mean at each CTD station for a depth of 30m. A< noted by Kundu and Allen
(19761 there is a strong alignment of the principal axes near the coast. while farther fron
shore the fluctuations approach isotropy and so the principal axes lie along randomn
directions  Over the shelf the principal axis direction rotates offshore i the same sense
as. but somewhat more strongly thau. the wobaths.  Along the Arena line. representing
the flow around a corner. this rotation is especially pronounced and fluctuations quickiy

become strongest ina direction which is distinetly awav from the coast.

6.3. Discussion and Summary

The shipboard current measurements provide a view of the mean circulation
which 1= very well sampled in space. but not continuously sampled in time. It s
apparent from Fig. 6.1 that. especially during 1982, sampling may be blased toward
periods of low winds. The bias in the mean currents due to shipboard sampling of the
wind forcing was estimated at ecach CTD station from a simple regression analvsis of the
moored current measurements on the wind stress at NDBO 46013, The predicted bias
was small and did not significantly affect the structure of the fields presented above.

The dense spatial sampling provided by the shipboard DAL clearly delineates
the extent and intensity of features in the coastal upwelling circulation. A« expected.
the mean cross-shelf circulation shows an Ekman laver of offshore transport near the sur-
face with return flow below. Out to the shelf break. the layer of offshore flow deepens
with distance from the coast. The poleward undercurrent is clearly seen in the mean
alongshore currento it appears strongest near the shelf break. and surfaces near the coast.
A near surface equatorward jet is apparent 1n the mean alongshore current across each
hyvdrographic Tine. but since its core moves offshore from north to south. it is artificially
smoothed ont when means are caleuated as a function of offshore distance alone. The
current~ show significant divergence in both alongshore and cross-shore components,
fromn which the mean vertical eurrent cap be calculated. Mean upwelling appears to
occur over the entire shelf. providing enough vertical transport to balance the predicted
tmean Ekman transport in the CODE region. Fluctuations about the mean current are
stronghy polarized in the alongshore direction near the coast and essentially isotropic far
from the coast. However, flow near the coastal corner at Pu. Arena shows fluctuations
polarized away from the coast. Perhaps the most interesting finding of the CODE DAL
measurements, however, is that the relative simplicity of the average field does not carry

over to the svnoptie field, as the mapping surveys discussed in the next chapter show.
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for the dyvnamic height (e.g. Reid and Mantyla, 1976) which are required 1o infer the
geostrophic current in shallow water. An example of the limitations of such schemes i
given i osection 7.4,

Significant divergence du dx is observed in the mean cross-shore current over
the shielf (Fig. 6.3y, positive in the upper water column and negative deeper down. ln
the upper water column over the shelf. the crose-shore divergence averages 5 10 e b
this agrees with Davis (19%4h) estimate of surface divergence from drifter measure-
ments. If the divergence in the alongshore current can be neglected. mass conservation
and the data in Figo 6.3 imphy that the mean vertical (upwelling) current will be
directed toward the surface. with a maximum along the 30 dx - 0 comour. Although
the DAL data do not reach the surface or the bottom. integration over the data shown

-

sugpest~ o mean upwelling rate at the midwater maximum of at least 0.7.10 ~ cm sec.
or 6 dav. averaged over the inner 15 km of shelf. The implied vertical mass transport
over this part of the shell would be about 10° m* day. an amount equal 1o the offshore
Fkmar transport forced by a mean surface wind stress of 1 dyne e

Significant divergence in u i also indicated in the vicinity of the deep maximun
it u near the shell break: whether this result represents true physics or simply an over-
optimistic estimate of statistical reliability is not known. The fimited evidence from the
moored instruments at Ch do show an increase in u in this region.

Averaging over v in the above apalyvsis implicitly assumes that alongshore inho-
mogeneity n the statisties 1s unimportant.  This is done in order 1o provide increased
density of observations in a broad overall section.  Aspeets of alongshore variability in
the statistics can be examined by comparing the average sections obtained along each
CTD line. The sections are shown in Figs. 6.4a.c and the uncertainty. significantly
increased over that of the v-averaged section. is shown in Fig. 6.4b. The structure of the
mean alongshore current v is considerably more jet-like in these individual sections than
it the averall average Fig. 6.3b. From north to south. the core of the jet accelerates and
migrates offshore. The latter result is consistent with the fact that the strongest offshore
flow appears in Fig. 6.4a 1o be associated with the core of the jet.

The alongshore structure in the mean field implies a non-zero dv dy. negative
onshore (positive offshore) of the core of the jet. which contributes to the total diver-
gence responsible for the mean upwelling.  Because the core of the jet migrates offshore.
Ay Oy i~ a function of the alongshore coordinate v, Rather than attempt a simple )
independent representation of dv-dy to combine with du dx from Fig. 6.3f. 9v 9y wa-
estimated from two pairs of CTD lines and the results shown in Fig. 6.5, The effect of
Ay Oy is 1o substantially increase the inferred maximum w over the shelf and to decrease

it bevond the shelf break.
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The mean alongshore and cross-shore currents are shown in Fig. 6.3b. Many of
the ciassical features expected for a coastal upwelling flow field { e.g. Allen (19805,
Huver (19%3) ) can be seen clearly in the average fields. Consistent with the observed
cquatorward mean wind stress, a near surface laver of offshore transport 1« evident at all
offshiore locations in Fig. 6.3b. The thickness of this laver increases from less than 20,
near the coast 1o about 500 near the shelf break. Weak onshore flow oceurs evervwhere
below this laver, except iu a region over the shell near the bottom of the DAL resolution
(where the difference from zero is generally not significant according to Fig. 6.3d ). bui-
this pattern of cross-shore eirenlation which produces the upwelling of cole water near
the coast. Near the surface. the alongshore mean flow i~ characterized by an equator-
ward jet extending from midshelf 1o bevond the shelf break. Flowing counter to the
equatorward mean wind stress. a poleward undercurrent. strongest near the <helf break.,

surfaces near the coast.

Fiuctuations o v and v about their mean values ( Fig, 6.3¢ | arc at least as
large as the means themselves. Far from shore. the fluctuations in u and v are equalls
energenic. As the coast s approached. the fluctuations in u are damped dramatically.
These results echo the schematic picture of the upwelling flow field inferred over the pasi

two decades from point current measurements and bvdrography (Fig. 1.1,

Cross-shore and vertical gradients in the mean fields were computed by smooth-
g first differences between adjacent (x.z) bins with a (3-3) triangular weight filter.
The results are shown in Figs. 6.3¢ and {. In the interior. away from surface and bottom
stresses. the vertical shear inu s small (generally less than 10 *sec 1. Above 40ni. u
becomes increasingly sheared as the surface is approached. a~ expected in the presence of
wind forcing. For v. by contrast. substantial vertical shear is evident over a much
greater depth range. as expected if the upwelled density surfaces are geostrophically bal-
anced. A rough estimate of the mean geostrophic shear can be made from Huyver's
report of the average of 17 post-transition hyvdrographic sections along the Central line
during 1951 (Huyver 195170 Substituting measured isopyenal slopes and 8p dz from

Huver's Fig. 4 into the thermal wind equation

h g dp | dz
sy pf 3z {dx
vields a mean shear of 1.5 - 10 7 as a broad average for depths greater than 50m over

the shelf. Thi< is i rough agreement with. though slightly smaller than. the directhy
measured values. A detailed compartson over paired DAL CTD measurements is indi-
cated. and will be undertaken. to find the small deviations from geostrophy which are of
maost dynamical interest. Note that such direct comparison of measured and geostrophic

shears obviates the need to invoke any of the necessarily ad hoc extrapolation schemes

vy




Chapter 6

ACOUSTIO MEASTREMENTS OF COASTAL UPWELLING CURRENTS
AVERAGES

6.1. Data

During 1ue spring and sumimer upwelling seasons of 1951 and 1982, 1 conjunc-

- tion with CODL. some 74 davs of current data were collected in the coastal and offshore

:t'j ‘ waters of Northern California using the Doppler Acoustic Log on board the RV
P\ Wecoma., The data were collected. for the most part. during normal ship’s operation
;. relating 1o other aspects of CODE. primarily during the hyvdrographic surveying cruses.
1 Figure 6.1 shows the periods of Doppler log operation in the CODE area. together with
[ the alongshore component of the surface wind stress. computed from hourly wind meas-
E urements at Coast Guard Buoy NDBO 46013 and 40 hr low-pass filtered (this data was
3 kindlv made availabie by George Halliwell). Figures 6.2 show the CTD stations which
[. comprised the primary and secondary survey grids during Doppler Log « eration. The
[ sampling history at each CTD station is shown in the Appendin. Some  dditional data

were obtained o 19582 during mooring deplovment and recovery cruises.  In order to
focus on coastal dvinamics during the upwelling season. data obtained prior to the 1952

spring transition {(Legs 2-5) were not included in the analysis.

W e shall first discuss the averaged measurements. then consider spatial variabil-
ity in the averages. and conclude in the next section with an examination of the synoptic
fieclds from which the averages are formed. The notation will be standard. with x.y .z
indicating onshore. upcoast. vertical (positive upwards) and time coordinates respec-
tivelv. Currents are resolved into cross-shore and alongshore components (u.v) along
cach primary CTD line. with the alongshore direction being defined as 07 T for the Elh
and Irish Guleh fines, 33%° T for the Arena line. and 3177 T for the North. Central and

Ross lines.

:.- 6.2. Mean Fields

b Figures 6.3 present statisties of the coastal current measurements as functions of
b offshore distance and depth. The results were obtained by first averaging the data in
b

. o space-time bins of size (dx.dy.dz.d) (2.5 ki, 5 kmio 6.5 m. 1 day ) centered along each

primary. CTD line in Fig. 6.2a. then averaging over v and t. The number of observation
bins at cach (a.2) i~ shown in Fig. 6.3a. Bach bin has been treated as an independent
sample ( the short time scale was chosen because. in general. resampling of a station
after more than 1 but dess than 2 or 3 davs was not done at random. but by design when

o A wind conditions had shifted significantly ).
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ACOUSTICO MEASUREAINTS OF COASTAL UPWELLING CURRENTS
SURVEYS

7.1. Introduction

The preceding description of the average carrent field i deceptive in it simplhi-
city . The average field i~ smooth. Fluctuations about the local means. however. are at
least as large as the means themselves (Fige, 6.3). The average field i~ then not neces
sarily the tvpical field. In this chapter we shall present maps of currents measured dur-
ing individual DAL survevs. These maps reveal a high degree of spatial variability in
the typical field. Within this generally complex flow field. some features appear to recur.
Two of these. the relaxation from strong wind forcing and the tongues of cold water

injected from coastal into offshore waters. will be discussed briefly.

7.2. Synopticity

To what extent will maps made from the CODE Doppler data be svnoptic?
Davis (1954b) has estimated a Lagrangian time scale of 1.5 days for current fluctuations
fro-n surface drifter measurements. and points out that this is significantly shorter than
the 5 day Fulerian time scale determined from 24-hour filtered current meter measure-
ments, indicating the presence o strong. relatively long-lived structure in the current
ficld. It should be noted that. since the ship travels through spatial structure an order
of magnitude faster than do the drifiers. the DAL time scale will be much shorter than

even the drifter time scale.

To determine the time scales of the energetic patterns of current variability. spa-
tial empirical orthogona! functions (EOFs) were determined from the CODE-2 hourl
moored current meter data from 35m depth and the decorrelation times (Davie, 1976)
caleulated for the time varving amplitudes of each EOF. As expected the more energetic
modes have larger spatial scales. while the less energetic modes contain the shorter scale
structures. Decorrelation times for the energetic modes were also longer. The first four
FOF< explain 790 of the total variance (4% 1990 7900 and 670 respectively) and have
an energy-weighted decorrelation time scale of 4.8 days (3.5, 9.50 2.5 and 2.4 days respec-
tivelv). For the coastal DAL surveys to be shown. the average time separating pairs of

measuremens., .t .ranges from less than 1 X to about 1 4 of this decorrela-

tion time. Thus although the DAL surveys are not a snapshot. the features seen are

much more indicative of spatial structure than temporal variabihty.
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7.3. DAL Atlas

I Fig-o 7010 7011 we present an atlas of the phenomena observed i the coastal
current field during the ~hipboard mapping effort of CODE. The current measurements
¢ me from o depth of 2 For clarity. measurements separated by Jess than o
munimutn distance (vpically 5 koo have beer averaged. The currents have been over-
lard o satellive TR mmages of <ea surface temperature whenever relatively cloud-free
inages. close cnonen i time 1o the ship surveys. were availabie from the seripps Remote
sensing Faciliny, Bach amage contains o legend showing the dates of both the <atellite
iage and <oy surves. Ui marks have been placed every halfl degree of Jatitude and
longtudc, and i scale vector for the currents is shown. The length of any current arrow
corresponds to the displacement by that current over a 1.6 hour period (9.3 hours for the
2 large survev-i o Figo 6.2 can be overlaid on each image to relate the features seen to the
battvtetry Fig 601 can be used 1o gange the wind forcing during each survey. The
bvdrograptne measurements taken during each survey are described 1ina series of Data

Reports b Huver and co-workers (OSU Reference series).

Ihe sarelhne TR shows that sea surface temperature varies stronghy in both the
awong~hore and cross-shore direction.  Although such alongshore variability has long been
noted nosateliite tmages (Bernstein. of al. 197200 its relevance as an indicator of coastal
circutation and exchange processes has remained an doubt  Without i situ measure-
tment- the depth extent of the features and strength of the associated arculation was

HNCical

The DAL current measurements exhibit a strong visual correspondence with the
sateliine derved surface temperature field. Where this is true. the features in the satel-
lte tmages cannot <unply be dismissed as skin effects on the sea surface. Rather. the
cold water npwelied near the coast acts as dve. tracing features in the flow field.

The atias conveve a much different impression of the upwelling eirculation than
that obtained from the mean field measurements discussed in Chapter 6. The mean field

showed off<hore flow occurrimg in a surface Ekman laver at velocities of order 10 ¢ sec

or less. The svnoptic maps. however. reveal greatly enhanced offshore flow occurring in
narrow  bands alony the coast. Also observed 1in drifter records from the same period.
Davis 119%14) ha< dubbed these features 'Squirts". On 27 April 1981 (Fig. 7.1). a 13 km
wide squnrt i seen centered 25 km osouth of Pt. Arena. Cold water dyves & portion of

this sgnre. but both the DAL thermistor record and the satellite image show that the

®

1 squirt is somewhat wider than the cold tongue. Compensating onshore flow at depth
does not occur within the DAL range of 150 this flow is truly three-dimensional. To

P . .
! the north and south of the squirt, warm surface water accompanies shoreward flow. |
; Another squirt carrving upwelled water seaward crosses the Ross line in the south {cf.

 J Fiz. 6,240 Despite generally strong wind forcing. alongshore currents are weak. and the —
3
|
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coartal jetowhich dominates the mean flow, i gabsent.

A week later. the region was resurnveved (Fig. 7.2) during & period of strong
wind forcing. A much more classical flow i~ observed in this survey. with currents polar-
i7ed alongshore over most of the shelf. However. off Pt. Arena the currents turn sca-
ward. again carrving upwelled water away from the coast. Surface drifters deploved in a

e off ProoArena dramaticaliv echo this observation (see Fig. b i Davie (1984a)).

e i = 1

Nearly 108 ki from shore. strong narrow currents can be seen deforming the tempera-

ture field 1o the southern portion of the survey.
Fig. 7.0 makes it clear that energetic eddies centered over the continental slope
» can reach onto the shell and deform the temperature field. sweeping upwelled water from

;‘ the shell and even recirculating it back again. This survey appears to show a counter-

il bt

rotating eddy pair. joined along Pt Arena. The strong on offshore currents from these

eddies were still apparent when the area was resurveved (Fig. 7.4). "
Fige. 7.7 through 7.11 chronicle the development of the temperature and current 3

Mo e s e e e g

p ficids over & two weeh period in mid-July 19520 The winds varied greathy  ar
NDBO 46013 during this period (Fig 6.1} and shipboard winds {Huver. et a/ 19%1) show

strong  varniability  during the course of each survey. hven so. strong features are

anbndestdeinbed 20 Ao

4 observed in the currents, measured over several davs. which correspond well 10 features

[ i the sea surface temperaturce, measured in minutes by the satellite. Two cold tongues i
:. are observed in the images of 915 July 19820 The northern 1ongue is swept out 1o sca ',
[ along the southern edge of a strongly sheared current feature which hugs the coast north }
; of PtoArena. The southern tongue exhibite weaker flow along it axic and weaker shear ’
- across it. By the last surves (Fig. 7.11). the southern tongue. and the currents associ- ]
t‘ ated with it have disappeared. The development of a cvclonic eddy between the two i

cold tongues can be seen in the IR and also in the current measurements of Figs. 7.10

! ]
;_ and 711 This eddy. centered over the continental slope. dominates the dynamic topog- B
o . . . L
[ raphy during the 16-19 July survey (Huover, e al. 1954), and one surface drifter was ]
s . o . . d
: trapped by the eddy for nearly & davs. completing 3 cirenits around its core. )
,J ln summary . the maps show a current field which varies strongly in both x and '1
p . . . N . N
| vooand whick only rarely resembles the smooth average field deseribed in Section 6.2,
{ Instead of occurring i a simple surface Ekman laver. sienificant offshore transport of )
L cold coastal water is seen in very active regions of short horizontal scale. A jet in the R
- . . -
q alongshore current. the most prominent feature seen in the mean field. is seen only occa- )
| stonally in the individual maps. Strong current fluctuations from the mean field are ‘
present at a wide range of scales, and coherent eddv-like structures centered bevond the
- shelf break carry water npwelled at the coast far out 1o sea. g
h '}
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. Two striking features of the DAL maps deserve diccussion.

7.4. Wind Relaxation of April 1982

The survey from Leg 6 of CODLE 2 affords a well defined example of a refaxation
of the current field on cessation of strong upwelling favorable wind forcing. Foliowing
sustatned equatorward winds which commenced on 14 April 1982 and apparently trig-

E gerea the ~pring transition {[Huver. Sobey and Smith 1979) 1o the upwelling dvnamical
regine 1 the CODLE region (Lentz and Winant. in preparation). the winds over the
entire. CODE 2 arcay calmed dramatically on 19 April. and remained calm until 25
April. The coastal current field was mapped by shipboard DAL during 20-24 April.
- The satellite ymage from this period (Figs. 7.5 and 7.6 in the atlas) shows a wedge of
warm surface water close to the coast. with cooler water hving offshore. Simultaneous
ivdrographic measurements {Fleisehbein, Gilbert and Huyver 1983) show that the warm
surface water v accompanied very close to shore by @ thin laver of low salinitv. The
Lossian Hiver. flowing at an average rate of 105 msee ' during this period (Markham
® ot a9 s a possible source for the fresh water. but 1= probably oo small 1o explain

The extent of the anomalousiv warny water,

The observed flow field i~ remarkable (Figs. 7.5 and 7.6). Near the coast, strong
poieward flow i+ associated with the band of warny water. This flow occure in the
- absenee of any significant wind forcing. Further offshore. a strong equatorward jet is

present  Unlihe the other realizations of the flow field shown in the atlas. this flow is
strongly polarized 1 the alongshore direction. The depth structure of the alongshore
flow across & sertes of CTD transects covering a 36 hour period is shown in Fig 7.12.
displayed from north to south. Nearshore poleward flow i« observed in each transect.

.] albeit stronghy reduced at the Irish Guleh Line north of Pt. Arena. The observed

cvadonic hortzontal shear ¢ strongest along the Arena Line. where dv dx 15 somewhat
rarger than the Cornohis parameter £ The observed vertical shear structure is interesting.

The poleward flow i~ relatively barotropic. while the offshore zone shows strong vertical

° shear of 10 “<ec ' and more. This suggests that the nearshore zone is barotropicalh
el - e .
‘ forced. a~ by an alongshore sea level gradient. The barotropic component of the flon

X can not be deternined hydrographically. A< a result. the surface dyvnamic height maps
fram thies period fail to deteer the poleward flow near the coast (Fleschbein, Gilbert and

Huser 1983).

® The persistence of the strong structures discussed here is also noteworthy., Dur-
ing thes cruse, the Central e was surveved 1 times. Fig 713, which shows offshore
profiles of the alongshore current at 2am depth for each survey. shows that the cross-
shelf profile of v changed very little i more than 3 davs within 20 km. of the coast:
® bevond 2% ko offshore. the equatorward jet in v apparently sharpened somewhat
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between the second and third survevs, Sections from cach survey. Fig 7140 are also reda-
thvely nnchanged over 3 davs, except for some weakening of the field seen in the Jast sur-
ey, Any theory which seeks 1o account for these relaxation events must explain this
long decay time.

An interesting footnote to thi~ discussion concerns the near-surface shear field
during relaxation exvents (Fig 7.15). Prior to the spring transition. the near surface shear
field shows strong amplitude fluctuations at diurnal and igher frequencies. For most of
the post-transition data. these fluctuations are stronglhy damped. During periods of wind
relavation. howeser, the usually well mined surface laver of water restratifies. allowing
near surface <hears 1o be supported. and the amphitude of the shears increases dramati-
callyv. For €50 the restratification occurs not only in temperature (Fig 7.15) but also in
~ahmty. as can be <een from the hvdrographic data  (Fleischbein. Gilbert  and
Hover 1953100 So. {or this site. advection possibly supplemented by local surface heating
form @ strong surface signature in the density field during relaxation events., When this
QEnsIty Structure 1s present, strong vertical shears can be supported. and are observed.
near the surface. Strong near-surface vertical shear 1~ usually associated with strong
wind forcing. not with its absence. The energy s concentrated in motions with diurnal

and ~emi-dinrnal periods. suggesting tidal forcing.

Fxamination of features <een during relaxation events has provided insight into
aspects of the momentum balance. In the next section. we shall examine {eatures which
miay have hmportance to the wave in which mass. heat. salt and nutrients are exchanged

between coastal and offshore waters

7.5. Jet Surveys, July 1981 and July 1982

The features 1n the CODL measurements which have drawn the most interest
are the prominent tongues of cold water. a particularly active example of which i1s shown
in Figo 7160 First observed in satellite imagery (Bernstein, et al. 1972, Breaker and Gil-
Hand 19510 Traganza ef al, 1951, Kellv 195300 these features can extend from the coastal
upwelling zone 1o several hundred kilometers offshore. In the example shown, at least |
strong cold-water bands are <een 1 the %00 km streteh of coastline from Cape Mendo-
ano to Pt Conception. The potential importance of these structures to the cross-shore
tass and heat balances has been noted by Davis (1954b). 1f these modes of property
transport are significant. their transient nature and strong spatial variability imply that
an understanding of such balances based on moored data alone will be difficult. at best.

The carliest findings in the first weeks of CODE with both DAL (Figs, 7.1-7.4)
and surface driftere (Davise, 1953) were that unexpectedly large cross-shell currents on
narrow scales were associated with the cold water zones observed in the satellite images

of Welly (19527 A« a resnlt, we undertook DAL and hvdrographic surveys of the cold
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water features i Julv of TOND and again o July 19820 Contributions to the 1981 surves
were made by Jane Huver and Martin Oinvera of OSU (hvdrography o and supplemen-
tary information useful in cruise planning and laver anabvsic were provided by hathryn
Relly of S1O saeliite image and analvsi-+ and Larry Breaher of NEss satelhite
atabvsisy The 1957 survey arew o tne resources of Jane Huver (hyvarography). anc
Pierre Flament. Libe Washburn and Larry Armn of S1IO funderway thermosalinograph,
tow-ve CTD  mcasurements and  shore 1o ship transmission of  satellite images|
\lthongh the tatter group™s primary interest was in small scale nixing processes at the
boundaries of these cold water structures. their satellite images and underway date
aliowed much more effectinve planning of survey strategies for. and seientific understand-
ing of. the mesoscale structures wineh were the pritmary interest of the DAL and hyvdro-

sraphic group-.

Maps of the currents at 2sm depth from the two surveys. the first conducted an
10 duly P91 the second on 2226 bl 19520 are shown i Fias, 707 and 7.1~ Baoth
surveys show g tongue of coid water riding onovery swift (up to 75 crnoseci offshore
currents from thers apparent points of origin i the coastal upwelitng zone. extending
over 250 K out to sci. Within tne broad 107 ko wide) tongues of cold waver, a nar-
row (O ki owide  band ol ever coider water fes toward the northern edge. Some evy-
detce of recircalation back toward the coast 1o the southern diffuse portion of the tongue
roseen i the 191 survey Flament (personal romimunication) has noted this recircuja-
ton inosequences of satellite rnages Jor the 1952 survey: unfortunately in 1982 our an

stte micasurements did not extend far enough south to sample this region.

The survey of 22226 Juiy 1952 was the more successful at obtaining sections of
occanic variability across the cold tongue. primarily because of the shipboard availabiliny
of satellie tmages frone as lave as 22 Julyv 2300 UT. By the time the survey was con-
ducted. clouds hud obscured the area. and the detaled structure of the field had altered.
but the data from the surface thermosalinograph allowed the actual locations of features

in the survey to be identified.

The <hip track for the 1952 survey, annotated with the dav of the yvear and time
U s showr g Fag T19 {a o gap o the DAL data occurred on 24 July (day 200) from
FOO-191E LT ~orae eleven erossings were made of the thin band of coldest water at
the northern edge of the cold tongue. When the underway thermosalinograph data from
(s period s plotted as a Tox diagram (Fig. 7.2000 & strong separation of T-5 behavior
acros~ the cold tongue s found. The left branch of the curve. made up of sampies within
and north of the coldest ribbon of water. represents relatively fresh water whose salinity
vanes hitle over & temperature range of nearls 3 €0 The right hand branch has higher
sahinity and e south of the coldest ribbon. From CTD sampl on stations in the

1ONT surses. Obvera (19%2) also postulates a separation of surtace water types. and

s -
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attribtites the northern. freshier water thas- 1o a dituted remmnant of Columbila River

Jrhagrne

hooorder 1o resolve the DAL current~ into sections ~howing thetr strocture with,
depth and position. a coordinate <vsten must be chosen. The chioiee 1 not obvions,
HoOwever. since the der changes it orientation at ecach cro=-ing. | have adopred

acros~it alongier coordinates vy withe currents taas defined o e across along thie
direction of s transport meiasured withs the DAL across each transect. Sections were
then piotted a- functions of the acrossiet coordinate x. Because the jet alwavs points
ofisihiore, the northierns tow salintty water < always at high xo the orighe of s arbitrary.
For cach section. currents were averaged over bins of 5 kmoinox. The alongier currents
lave beer cottoured ar 10 ey sec ntervals: the acrossjet currents are showr as arrows
nving i ~cale of 3 koo v for 30 e see inou. Shown above eact section are the con-

current 1o NCand denstty (as a0 at 5 omodepth from the underway thermosalinograph.

At cach crossing. a surface inteusified jet i v iy observed. with peak currents
ranging fron. over 70 conosec 1o dess than 40 e osec. Within the jer. the alongjer flow s
200 ¢y osec or mare 1o at deast 100 n depths The jer appears to achieve its maximurn
veiocity not at the sharp temperature front where the coldest water 1« found. but onh
after the temperature begine 1o rise again at larger v, ooeo within the northern water
mass. e data show that the dramatic temperature front seen in the satellite images j-
~tronghy ~alinity comnpensated, so that surface density chianges Bitie across 1t while the
stow rise inosurface temperature north of the front 1= accompanied by fairiv constam
sahnity, resulting i a gentle density gradient. This density gradient will i turn be
accompanied by oa rise i geostrophic alongjer current. Thuso at feast near the surface.
the <alinity structure contribntes independently ta the density field, and estimates of

ceostrophic flow based on temperature measurements atone wili be In crror.

Within the DAL field of view. the measured aiongiet transport varies frony 0.7
to 20 5 [~ 10" 7 sech. with an average of 1.0 Sy over cotmpiete transects. This
.

witi be an underestimate of the mass trausport since, o many cases. the measarements

did not reach deep enough nor far enough north to define the bonndanes of the flow.

Nonetheless. this represents a stunnipg amount of water flowing offshore. For con-
parisot. tne o off<hore Ekman  transport resnlting from o surface windstress = of
Fdvoe amis 7 o pf 1 ns seco I this transport were to be provided by a convergenee

of PLimar transport from the coastal zone, it would require gathering all the Ekman
transport generated by oa 15 dyvoe em® wind over 1000 km of coasthine. Clearly the bulk
of the water travelling offshore i~ not being provided by simpic convergence of water
upwelled at the coast. Moreover, any flow initially restricted to the shelf would have 1o
be prodigious indeed to supplv thisc much mass: the total diversion of a current averaging

Choem o sec over the entire breadth and depth of a 20 ko wide shelf 100m deep would be
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FEQUITEC To progace sucl o transpors s P hie immheation - tnat such fcatures pnust recen e
steifieare contronunions trane flows jocatea off the continental ~snelf. <uch o eddies r
Pt eeme T o o,

Pinalo o o wore anont ceosiropny ana the cold tongoes. The usc of nvaro-
Uraphic Caie To o nler Cntrents by as~uinng o geostrophic balance of forces 1= a cotmmol:
prace  However Soms Tor wiidh reative voriiens Lertn- are large will not bhe 1 sinni
LeOSTToptac Laatot Jovee ane Stacinp 19N show tne miportance of evclostraphin
terins To e Lajatce of torces 1o Gull Strears warmn coro ring. Simitar considerations
apply to the carvvotntec Tlow Delds accommpany ing The cold tongaes wWincl, we have beer,
discussine Fortne 1951 <urvey, the cold water leaving the coa~tal upwelilne zone circn
fares antuwsclomoatly around o wartn feature off Pro Arena, Assummine the crrcnation 1=
centerca around A 015N 12080 W hie relative vorticity s founc to e approns

mately -G o that the total vorticiny s only 6070 of e vanue 1 The ahsence o reat

vorteity s Woin effectinvens ess tatal ratation. a ghven density Sradien regoires oot v

Vertica sheat Lo oretnatt e equiibrinn,. Thins currents esUnnateg tsrng veos o0 e e

wil st tantiadlh underestiniate Uhe acltan Currenl adnitudes  Oh oo oo

flows with ~trane cvaonie retalne voriioty wili e overestnated bt
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7.2 - Same as Fig 7.1, except for ship survey of 2 NMay 1200 1o 6 May 0330, 1981
- and NOAAG image from 6 May 03145, Survey was made during a period of sustained

strong equatorward winds (Fig. 6.1). Compare with Davis” Fig. 5 (1984a).
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Fig. 7.3 : Ship survey from 18 Nay 1600 to
20 May 1550.
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Fig. 7.

4 ¢ Ship survey from 23 May 0100 to 25 May 0600. 1981. NOA A6 image from
200 May 1550 (same as Fig. 7.3).
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from 24 April 2210 (note delay from survey time). This flow occurred during a cessation
of winds following a period of strong southward wind forcing. and is discussed in

]
b
&._ Fig. 7.5 : ‘hip survey from 20 April 1600 to 22 April 1200. 1982. NOAAT image
[C Section 7.3.
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from 24 April 2210 (same as Fig 7.5).
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Fig. 7.6 : Ship survey from 22 April 1400 1o 24 April 1130. 1982. NOAAT image
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i Fig. 7.7 : Ship survey from 9 July 0300 to 10 July 1730. 198
- 9 July 2211.
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Fig. 7.6 : Ship survey
9 July 2211 (same as Fig. 7.7).

from 11 July 1100 to 13 July 1400. 1982.
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Fig. 7.9 : Ship survey from 14 July 1400 to 16 July 0920. 1982. NOAA7 image from
14 July 2254. Wind forcing was very strong and increasing during the survey period.
Note the strong current magnitudes and shears across the northern transects.




Fig. 7.10 : Ship survey from 16 July 1730 to 18 July 0845, 1982. NOAA7 image from
15 July 2241. Survey was performed from south to north: winds were strong to
moderate along the Central and North lines, but had calmed to airs during the surveys
of the Arena and Irish Gulch lines. Northward flow at the inshore ends of the CTD
lines i« seen. although the flow at the offshore end of the two northern lines remains
strong and strongly sheared. Note the developing eddy along the North line.
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Fig. 7.11 : Ship survey from 19 July 1900 to 22 July 0400. 1982. NOAAT7 image from
22 July 2259, Winds were calm during the survey of southern 3 lines. but werc
moderate 1o strong along the northern 3 lines. The eddy along the North line has
developed strongly. Davis {1983) shows tracks of surface drifters which circulated in this
eddy for a week and more. making several circuits.
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offshore {km)

Figs. 7.12

Cross-shelf sections of alongshore current with depth during the wind

rdaxation of April 1982. Sections are from the five primary CTD lines, plus a CN line
midway between the Central and North lines.
Contour interval is 10 cm/sec. Equatorward currents are shaded.

Plusses show location of measurements.
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Fig. 7.13 : Alongshore current v(x) at 28m for the 4 Central line occupations from
20-24 April.
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Appendix

DAL SAMPLING AT HYDROGRAPHIC STATIONS

This appendix shows the times (day of the vear) at which DAL data were col-

Jected at each hydrographic station shown i Fig. 6.1.

than 1 day are not shown.
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T-S diagram for jet survey, 204/08:15 to 206/19:30
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- - Fig. 7.19 : Ship track during 1982 offshore survey. indicating locations of sections
A5 through the cold water tongue. Clouds obscured the area during the actual survey time,

- and the location of the front and detailed structure of the temperature field were not
available from satellite IR.
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Fig. v.1» : Currents > a1 28m depth  from offshore survey of 22-26 July 1982,
overplotted on NOA AT IR image of sea surface temperature from 22 July.

- . Srtmamsatbositede PP, . . PRI IVE ST S YU & Sa WA PRE AR WORE WUV I -j




- T T M TR TS TR YW T RT R YT, WY YU e RS S S A TR T S it "diiaeuh Sl bl SF0e =i io-ai g an di il S dEIE I S ARG |
h w N T T YT W wm N NTIATIOT T g T T T RTINS RTE P A T - Dl . . i

94

1 ¢

PR}

Y

"

()

M6 81 189 03.16.00
SHIP 183 20.30 TO 191 06.00

- Y Y
." .

Fig. 7.17 : Currents at 28m depth from offshore survey of 4-10 July 1981, overplotied
t.;-: on NOAAG IR image of sea surface temperature from & July.

=

b




ha i

i w6 AR
B 81 166 03341108
.. ﬂ.—f a

Fig. 7.16 ¢ At least 4 arge tongues of cold water are seen m this NOAAG IR image of

sca surface temperature between Cape Mendocino and Pt Conception

by Pierre Flament).

98

(

1ag

¢ proy _;—.A_

b adhe, PP S

P




k2l Ml Y

R A Pl S

ey

he il "It

"T861 JO Kep sa gy e dap g puv ¢ e sjustinsug
UM Z2Q/aQ pue osusdajpip Ampetodwey pue ‘glgyp OLIN e £ SSals  puim
Jo Wwauodwos sloysduoje Fuinoys SHUIUIINSRIUL PAIOOUT JO SIS S © G L “diy

0 O (e | S R Ot 0491 Uyl Jy il | Ol Ll {in g

_:::_:::T:Z:j_:::_: :::_:__::::_:___::‘1::21_::?::.j_:iw_jj:_:T_:::‘T::_:.__::::_:ﬂ

| | |
[0S 07 A_.._“;_ *‘ ‘ J - ! ‘ }}% AL I |

/ - RV I
M MV

\ | / ~ , AV /( _/(.L, /\/

el b eluwsdossedindvona e sl wln s il

L L Y e 0L 2 L N T




96
Ty pz-07 w0y aun Ry 9y jo
sAoalns 110§ oy} 10§ _*—&..—v Yim sjuaning .:C__,r.&::_-w JO SUOIIs JIMs-5500 0y © Pt 31 q !
S TPTRE I pHEL e
o w : “ A A, o g
- - - - - Q!w B TR 7 ) -, :
H url e
Lila Jnl o
[ IRTPIRIION . "
w0t [T
3
w7 e ]
g 3
, E
’ A Uy sy
\ .;n . .
/ . k or oy
! .. .
— e —_— SR 7Y - - - Q
Lwny saogele () Slayrgo
u 3 i 94 uc e oL o ~ t st ve o oL A
. - - o0t H
:
> ort ort
et et
508 iy
- wr
W s T
ﬁ E]
3 n9 o9
9
ur W
._,
w2 X _
B o Y I8 . _ I A
L
i
[
A
3 ,
-
s
4
4
<
i e € I .
Yo 4 M . . e a4 .

s - b b b Ah s

.
‘alath A mata oataoaoald



b i RS e = -
b
d
! 4
g 110
| 3
-
P
P
b
€
T2ET e N
6C 7 ac ST g el t2¢ AN 142 =N 152 Y t8: N Ao 27
- [ RRROREE T
- EL08 . . ‘
= i
o EL? . . |
= i
- |
- £L0§ . «
ELOS . « . ‘
4 i
ELO4 . . e a [ !
b ELD3 PN x « x .
g
- EL02 . « « % .
(|
Ew’ . | « x ‘
et Y e SR ; ‘ N
;_ 60 72 80 9z 100 118 120 132 ki Yol 5l T6C Uz 82 132 200 ot .
2
F 1982 ELK LN
. 60 70 80 90 100 110 120 130 140 150 160 179 185 138 200 N 223
L I L I L I LT LA A IR RS
ELO8 I I i |
} .
a8 ELO? |
q i
ELOS x x
- ELOS x x . x
L
F' EL34 x ]
; ELD3 ~ « .
[‘j ELO2 . x « e
L ELS | | | \ \ | | ' .
- gl b e e bbb e e e bd g e e
." 60 70 80 9 100 110 120 130 140 150 160 170 180 192 NV 2 S22

Fig. A.2 : Elk Line occupations vs. day of year.




- aea T IrprIp————— p—— —ewywe Bad . P ZEA] AadiEi -« L2 Mgl Shefi It i St S il ol

111

" . L~ ~ - LN
L g- =~ >~ Gou_or LNz
62 B LN 3 vy N 120 t32 140 132 180 12 18l 190 2CC 230 22C
. 1 e hn‘ T L e ;! . : Y ‘
IR.
IR2 =
RIE x
|
®1s . .
IR.e . x x % x
R . .
i
Ro. . L x -
e . ‘ ‘ e e e e g e cd o bl
N e =T &7 “oC R 120 135 140 150 160 172 180 190 200 210 220
iy - ey "~ ~
1982  iIR'S+ GULCE UINE
[ i 82 50 100 12 *20 130 140 150 60 172 180 190 200 210 220
~ M ' ANl T ‘T;. LLANSARRER |I;.‘,||1,\u|¥ ,Mw\HII“IlH;u;-\:h.‘ilnﬁ|HHIIH'IHII”\IIH”HI41
. i . )
I
|
RIT N » « x x
t
1R23 B » x x .
IR23 . x » " s x !

. IR22 « o« . » v = *e o«
- |
"y = .
s s - . L] - “ ]
‘. 3 ‘ o e e e b e e
{ 63 7 'S EN 100 102 120 132 140 150 160 173 180 190 2co | 2t) .22

4 Fig. A.3 : Irish Gulch Line occupations vs. day of year.




o 97

60 7C

8¢ 9C

112

1887  ARENA LINE

100 10 120 130 140 150 160 179 180 190 200 210 220

W‘HH!HJH.J;T;I Pt nth wﬂﬂlﬂﬂllmfh

IHH:l'ﬂ—‘f“h”ﬂ]”rnlln—lmﬂlmumulf[ﬂ?!.r”l' AR lmumohnlm'

ARQY ! ! x ' x ! :

ARCB: ® x [

ARQ7 x " ¥ x X o«

AROS . = x x x o«

ARCS M . x s oa

ARC4 | . e x x % % « x ox

AR23 N o . ok x x ox ox
f

ARGZ‘ B o« xx = w *x x =

ARC? . . . “ - P x M
W L ST oL “H’ S MRS A LIRSS LS 55 Y1 rH_H‘i“)r!u‘lHllIHUHH‘lLU 1l Ll'l”‘“hlll”.m[u“ul"h_ll'll“’.H?'J“
60 7C 8c 8o 100 12 120 130 140 150 160 170 180 190 200 2'C 220
60 7¢ 80 8c 100 110 120 130 140 150 160 170 180 190 200 210 220

SRR RERRRRLERARS T T i i i I i i 4 st

ARGS ITTF il i i ;.”fl Tl | T I‘H‘ [ ) N il” Hil ‘Hh] Hfm”[ﬂ”rﬂ“”]”I”””l”]l””lll '”UTI”I“”””I I”IT”.THJ BT

AROS} . = x =

ARCT x x “x omow

JEi x " x xe w

ARC':' = v N x x

ARC“E x x % = N

AR33 | . . o " e

Agozt « - . - « = . s a

o1 ; . | | . | ‘ . .o | , | . — .

ILI'[’LH' it L L e ] [N SN S EITURITINI NS FEATTSI 1 INUSSTE N FOUTEOUNEN S DRNAES I SN SETN CUNUSUUTY B0 § SOUS 3 11 DS 0 SO
60 7 80 gc 100 12 120 T 140 150 160 e 180 '3 200 2" 220

Fig. A.4 : Arena Line occupations vs. day of year.




LA

113

1981 NORTH _INZ

AT g S Mgk e G e and eads Aadt Sech ATl e di S e el aiadi} LA Ak A SRt A ACEAC IS NS AN - Ll PR R

6C 7° 8C 9C 100 110 120 130 140 150 150 172 180 190
N33 ‘[T?w-‘m' 14k rH.wHLpHv ,lu..!l]l[mill.u' miIHl‘|I|‘lfnx.‘IH],|TT.wI iH.“ih'; ' |rw|,”uwl|f
NOCS . - .
NOO‘| x " x
NOO3 * . - =
Nogil v ] . = = =

I
NOC4 w xwow X x . .
NOQ3 ! » = ® xox - LR}

|
NOOZ! . « x “« 0 a w o« =

.
NOU 1 . ‘ . ¥, ¥ x o v w, | ; L m "

TRTY ol A LI R RSN T A T SOy Sty | . SIS ST TR 1T SR L T SO Ll

6C Tl 8¢ 82 100 110 120 132 140 153 160 170 180 138

1882 NORTH UINZ

60 b BO N 100 110 120 130 140 152 160 170 180 190
T T T T T T T T T T T T T T T T
. NCOS ' ' i i i I i | ) | |
- St . .
m N . .
> NCO= ] - L]
._ -
s NG . . - - . ax
b ‘
b N . . . . on '
} !
NOC . o . . . . e w .
[® ;
4 NOSe | = wner an . - - . . . .
L
b - .

. NOC . . ) x " , .
f (IS e : IR TRV T SRS LISt TV RO T SO T O U AT IO ! .
L (19 kel 8C g ‘00 T2 120 132 L1 152 '80 T2 ac 30
p* .

b . . . .

= Fig. A.5 : North Line occupations vs. da\ of vear.
P

.

[e

p

¢

L-. -

-




o= Lare an et ngt 4 B Yy A i e IR O S L AR
. 114
. .
-
V
[|
]
A
.
~ o -~ - N
168 RC3S CiNZ
6s b 82 a ‘oc T 2 132 “40 150 160 170 180 192 200 210 220
HLARRRER RS 0 i 12l ' | i LA ARSRA LA SR A AR RA R 0N 0N 0NETRR RARE DROOR DO R 0 ]IT LALLARERR SRS
Rov:)‘ . . i w ! i | win ]
RO:):“-I’ . . .
I
RO0B | . . =
i
Ro;" - . -
|
noosl = = . -
Roos | . e s ..
I
ROZe e a .
)
ROQ3 e om e .
!
ROC2 ve e .e .
RO . LT X 't w { { | | |
[STOSN SROI SN SNt el ey e e g e b e
60 N 8C 50 100 To 120 130 140 150 160 170 180 190 200 210 220
1982 ROSS LINE
0 70 80 80 100 11 120 130 140 150 180 170 180 190 200 2'0 220
I L N N L N R L R I L L A L R A H L L AN LR A
{ RO . | ! e ! i | | i » !
Ro’:;l " LI o
|
Roggl . . . -
[
|
ROD™ | - . . .
b |
b RC3S . - == M -
: |
r ROZ:  « = e o« . . - N " . . «
r I
r ROO+ | . c e = . . . s =
F‘ |
RO} * cws vav s « . . = ..
- ] -
’ ROC. - ce a4 . = .. . . w PTIN “x
b |
3 l |
R TTRRNa ooy e b b S
- 2 72 3 30 100 T 120 T30 40 150 160 17¢ V80 190 200 2 222
[
t‘ Fig. A.6 : Ross Line occupations vs. day of vear.
.
b, -
3
-
h.
[}
3
N
) ~.’- T o~

L g Vi

L

A,

.

L latat AW s

% N

‘e tn e e

F A



: Fifty Fathom Line occupations vs. day of year.

i Y R DA A St A WA A A A Al A AT A A R AN ML ML S ol i i e A o T W W - '-j-j'-ﬁ’
115
198°  mi= 7Y FAT=ON CINZ
62 7° 82 ER 00 < t20 132 140 =N 180 Ade 180 37 200 2:2 223
T T Raaet w T BERRIN
F,.zi\w ) i j ' (It . I e L RS SR K ;
. ;;--! e owox v x
s it . « s . .
r;c;l . PR . .
3 s - ce.
- ” S )
£105 | - .
|
Fi25 | " .« x xx o« 3 o«
s ‘ |
b Fioa . |
1 |
L F23 " . « a s v o« « o« x
a
Fioz v .
!
F’O.l" I L - SINISENII Ly ST trlv'uu‘lw"rlv ‘|“vvv111"‘-uwm\ P B “‘-Hu-‘iwwlv
63 75 80 N 100 ARy 120 130 140 150 160 170 180 190 200 21C 220
-
1982 FIFTY FATHOM LINE
60 7C 80 8 100 e 120 130 140 150 160 170 180 190 200 210 220
;,.zi”u Tio‘__ 'Tiv_ 'il.l BN i K L . 'me !Hu.yllvl"T!rlH[IIIIu”{;uHU\ “1" 4\‘II:l"I’I’]]Hv’IIIlI!llll‘".;ll 3-i'(v'- I ‘{H‘n]]u
Fu1 ‘ « «xw swew ® % = o« e x .
F10 xew v w - .- « « e v ww
r;\gll r mwx maxow « x «x ow « -« " x " ox .
|
ngsi e wEov o xx wkar Erex o« oexw - [ wxmme s o ow !
{
r)J‘I E Axun - - . » « - a = .
Fe- . e ax s x . . « « o oaw ;
| |
| i
F o3 . wme s . s N . . o “r % ocwm :
| )
; 7
Fos . - . - » . [} . » !
r),x' [ M M « = . «u }
£o2 [ . « ‘ n - !
]
[ ' | . . . | | l . N . |
1l - L ol i L L ! L . — ! H .
o] kg 80 N 100 22 *32 143 ' 160 178 -1 9 200 212 228




» 116

1931 HUNDR=ZD FATHOM LINZ
8¢ 75 80 9o 120 3 120 130 40 150 160 170 180 190 200 210 220
B L1 et L I N M P T A U R
HN‘DI . .
HNT - e wmx % W owowmEx RS w
HNCSI " x u x
et . - .
nnos ! . . .o « = o
|
Hmsi . o« . .
HNO‘| " aw = ® o w - » *
mos' . . .
WNOZ | . . . . .
| , . B
ANO b b e e e b e b oo b b oebee bt b b o
60 70 80 50 00 e 120 130 140 150 _ 160 170 180 180 200 210 220
1982 HUNDRED FATHOM LINE
) 70 80 9 100 11G 120 130 140 150 180 170 180 190 200 210 220
WL UGt IR pUETR DA IE I BT RUR S U ORI AU T
5 HNS T '] "
A
- HND ‘ . . .
MNI3 LX} e W x x x L3 LI T " xmx ¥ ow v
HNO3 . . c e e
t HNO?l . . . .
P HN:):S“ « « w - x - u ) . o«
- HNQJ! hd
b
J MNO&: » = % b T ®
WNC3 .
L
F' HNozi . « - * . w * =
[' AN e b ey et e e s e oM e e g e
. 60 7e B0 50 0010 120 T30 160 150 180 170 180 190 200 70 220
f
.
p .
-

Fig. A.& : Hundred Fathom Line occupations vs. day of vear.

ey PIOW SN T

AR TR e MMkt

A"

2 Th AW A 2 2 a4’ m 2 A SN

PPN

R A a4 A .t a 4 2 o2 ANERE ..




Clnte aamane_n s Mvn Ak ARe YA S Shel St Stk e " e e Aol i et ati AR A A

References:

Allen. J. S.. 19%0: Models of wind-driven currents ¢n the continental shelf. Ann. Rer.
Fluid Meeh.. 12, 38G-423.

Arnold. R. Wo and L. Maunder. 1961 Gyrodynamics and its Engmeering Applications.
Academic Press. New York. x - 484 pp.

Bernstein. R. L.. L. C. Breaker and R. Whritner. 1972: California Current eddy formia-
tion: ship. air and satellite results; Sceience. 195, 353-359.

Breaker. L. €. and R. P. Gilliland. 1981: A satellite sequence on upwelling aiong the Cal-
ifornia coast. In: Coastal Upwelling. F. A. Richards. ed.. American Geophysical
Umon. Washington. D. C.. pp. 87-94.

Brink. K. H.. 1983: The near-surface dyvuamics of coastal upwelling. Prog. Oceanog.. 12.

223-257.

Campbell. A.C . 1965: LORAN 10 Geographic Conversion and Geographic 1o LORAN
Conyersion. Informal Report IR No. N-3-64. 2nd printing. U.S. Naval Oceano-
graphic Office.

Chilowsky. C.. 1932: Method and means for the observation and measurement of the
speed of a vessel by directed beams of ultra-audible waves. U.S. Patent
1.864.638.

Clay. C. 8. and H. Medwin. 1977: Acoustical Oceanography: Principles and Applications.
John Wiley and Sons. New York. xvii- 544 pp.

Cochran. N. and D. D. Sameoto. 1983: Changes in acoustic backscattering intensity in
response to ship’s lights. Trans. Amer. Geophys. Union. 64(52). 1023. abstract
only.

CODE Group. 1983: Coastal ocean dvnamics. Trans. Amer. Geophys. Union. 64. pp.
338-539.
Davis. R. E.. 1976: Predictability of sea surface 1emperature and sea surface pressure

anomalies over the North Pacific Ocean. J. Phys. Oceanog., 8. 233-246.

Davis. R. E.. 1983: Current following drifters in CODE. Scripps Institution of Oceanog-
raphy Ref. No. 83-4. 73 pp.

117

. . LY . = . P - . ' PR
SRS YN . S W W LIS N S RPN S SN S IO S



11~

Davis. B L.

descriptive view. submitted 1o J. Geophys. Kea..

1981a: Drifter observations of coastal surface currents during CODE: the

Davie. R. L., 19%84b: Drifter observations of coastal surface currents during CODE: the
statistical and dvnamical views, submitted 1o J. Geophys. Kes..

Dean. W. N 197x: Diurnal variations in LORAN-C groundwave propagation. Proceed-
ing~ of the Ninth Annual Precise Time and Time luterval Applications and
Planning Meeting. March 1975 NASA Technical Memorandum 78104, NASA.
Goddard Space Flight Center. Greenbelt, MD. 20771,

Fasham. MO0 R 19760 Misalignment angle and calibration of a two-component elec-
tromagnetic g, J. of Narigation. 29(1). 76-81.

Fieischbein. J.. W. E. Gilbert and A. Huver. 1982: Hvdrographic Data from the First
Coastal Ocean Dyvnamics Experiment: Leg 4. 25 April - 7 May 1981, Oregon
State University. School of Oceanography. Ref 82-2. 149pp.

Fleischbein. J.. W. E. Gilbert and A. Huver. 1983: Hyvdrographic Data from the Second
Coastal Ocean Dvnamics Experiment: Leg 6. 18-24 April 1982. Oregon State
University. School of Oceanography. Ref 83-4. 86pp.

Huver. A.. 1983: Coastal upwelling in the California Current system.Prog. Oceanog.. 12.
259-284.

Huver. A.. 1984: Hvdrographic observations along the CODE Central line off Northern
California. 1981, J. Phys Oceanogr. (in press}.

Huver. A.. E. J. C. Sobey and R. L. Smith. 1979: The spring transition in currents over
the Oregon continental shelf. J. Geophys. Res., 84, 6995-7011.

Huver. A.. J. Fleischbein and R. Schramm. 1984: Hydrographic Data from the Second

Coastal Ocean Dynamics Experiment: R’V Wecoma, Leg 9. 6-27 July 1982.
Oregon State University. School of Oceanography. Ref 84-7. 130pp.

Johler. J. R.. W. J. Keller. and L. C. Walters, 1956: "Phase of the Low Radio Frequency
Ground Wave". NBS Circular 573, June 1956.

Jovee. T. M. and M. C. Stalcup. 1984: An upper ocean current jet and internal waves in
a Gulf Stream warm core ring. J. Geophys. Res.. 89, 1997-2003.

Jovce. T. M.. D. S. Bitterman and K. E. Prada. 1982: Shipboard acoustic profiling of
upper ocean currents. Deep Sea Res.. 29, 903-913.

Kelly. K. A.. 1982: Infrared satellite data from the first Coastal Ocean Dynamics Experi-
ment, March-July 1981. Scripps Institution of Oceanography Ref. 82-15. 58 pp.

PR AR ST W . WAL SN AL PR PN

D Sl G A AL AR b RS StA 0-0 R SPA D Ul St gt aah aan

R

ton a AR A . . s an s AMRE L . s e o LR L MR A

A A S B A




_ e F T AT TR TR™ AT W T oM T M e w W T T T, N =

et o R e il . s SRR SR S Ao S el P S g Ty W WL TN LT . - e -

19

Rellv. Ko AL 1983 Swirls and plumes or Application of statistical methods to satellite-
derived sea surface temperatures. Scripps Institution of Oceanography Ref. RS-
15, 210 pp. R7-94.

Kundu. P. K. and 1. S0 Allen. 1976: Some three-dimensional characteristics of low-
frequency current fluctuations near the Oregon coast. J. Phys. Oceanogr.. 6.
I~1-199.

Lhermitte. R. 1973, Meteorological Doppler radar. Serence. 182, 25H58-2062.

Markbani. K. L.. V. Piro. W, F. Shelton and M. W, Weston, Jr. 1951 Water Resources
Data for California. Water Year 1982, Vol 2. Pacific Slope Basins from Arroyvo
Grande to Oregon State Line except Central Valles. U.X. Geological Survey.
Water Resources Division. 417pp.

Ohlivera. R M. 1982 A complex distribution of water masses and related circulation off
Northern California in July. 1981, Master’'s thesis. Oregon State University.
23pp.

Pettigrew. N. R. and J. D. Irish. 1983. An evaluation of a botton- mounted Doppler
acoustic profiling current meter. IEEE Proceedings of Oceans &3, 182-186.

Pinkel. R.. 1980: Acoustic Doppler Techniques. In: 4ir-Sea Interaction. Instruments and
Methods. ¥. Dobson. L. Hasse and R. Davis. eds. 171-200.

Regier. L.. 1982: Mesoscale current fields observed with a shipboard profiling acoustic
current meter. J. Phys. Oceanogr.. 12. 880-880.

Reid. J. L. and A. W. Mantvla. 1976: The effect of geostrophic flow upon coastal sea
elevations in the North Pacific Ocean. J. Geophys. Res.. 81. 3100-3110.

Rowe. F.D and J.W. Young. 1979: An ocean current profiler using Doppler sonar. IEEE
Proceedings. Oceans 79 292-297.

Traganza. E. D.. J. C. Conrad and L. C. Breaker. 1981: Satellite observations of a cy-
clonic upwelling svstem and giant plume in the California Current. In: Coastal
upwelling. F. A. Richards. ed. American Geophysical Union. Washington. 1.
C.. pp. 228-24]1.

Wrigley. W.. W, M. Hollister and W. G. Denhard. 1969: Gyroscopic Theory, Design. and
Instrumentation. MIT Press. Cambridge. Mass., xiv- 444 pp.

- .o . e . s
- - " - N . ot b . - - .
‘A IR DA SO SRS VU U WU, U LA WP oy PP AN




IV TR R N e TTE R T

5




